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  I 
PREFACE 
This thesis describes the chemical , physical and biological characteristics of solar ponds 
and the influence of those characteristics on the clarity, stability and efficiency of the 
ponds. 
 
Solar ponds have been built and operated by research and development organisations 
throughout the world in order to investigate their application to areas including space 
heating, heat for crop drying, process heat, and electricity generation from renewable 
resources. 
 
A solar pond is a relatively inexpensive solar collector and thermal storage device. Costs 
for complete systems (solar pond, heat exchangers, and pumps) range from $50 to $150 
per square meter ($5 to $15 per square foot) of pond surface area, depending on the 
application and site suitability.  Operating costs of solar ponds are low when compared to 
those of fossil fuel systems. 
This thesis is written in order to share technical expertise with other researchers and other 
interested parties in relation to solar pond technology. 
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EXECUTIVE SUMMARY 
 
The overall objective of this project was to monitor and maintain the brine clarity of solar 
ponds at RMIT Bundoora East, and the Pyramid Hill Salinity- Gradient Solar Ponds 
(SGSP). 
 
A common problem encountered in salinity-gradient solar ponds is the growth of algae 
and bacterial populations, which affect the brine clarity and hence thermal performance. 
Brine transparency is an important factor for the maintenance of Salinity gradient Solar 
Ponds as it affects the amount of solar radiation reaching the storage zone. A number of 
algae control methods have been used previously to improve and maintain the clarity of 
working solar ponds 
The current project has focused on chemical and biological treatment methods, and has 
examined and compared the effectiveness of two methods used for the control of algae 
including addition of hydrochloric acid in a magnesium chloride pond and the use of brine 
shrimps in sodium chloride and magnesium chloride ponds. 
 
The chemical treatment method using hydrochloric acid in a magnesium chloride (bittern) 
pond has not been implemented previously in a working pond and brine shrimp survival 
in a bittern pond has not been tested to this time. The work is original in that it has 
researched the feasibility of using brine shrimp and hydrochloric acid to prevent algal 
growth in magnesium chloride and sodium chloride solar ponds to improve the water 
clarity, stability and efficiency of the ponds. 
An advanced microscope has been used to identify the species of algae being studied, 
which is important for solving the clarity problem. It has also helped to monitor the 
sample before and after treatment, for analysis and comparisons to be made. 
 
The parameters which were measured on a regular basis in three SGSP are pond 
temperature, density, Turbidity, pH and Dissolved Oxygen. The recorded data were used 
to plot graphs and to analyze the pond performance and stability of the gradient.  
The water clarity results obtained from the Pyramid Hill solar pond have been included in 
the Pyramid Hill Solar Pond annual report which was submitted to the Australian 
Greenhouse Office.  
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It is evident that further research study would benefit the commercialization opportunities 
for the innovative technology of solar ponds.  
Finally, this thesis discusses the algae control methods used and presents the experimental 
results from the chemical and biological treatment methods including evaluation of the 
preferred method. 
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Chapter 1               INTRODUCTION 
1.1  Solar ponds  
A salinity-gradient solar pond (SGSP) is a combined solar energy collector and heat 
storage system reliant upon an aqueous solution of salt at varying densities to suppress 
natural convection and store thermal energy (Hull et al.,1988). The SGSP consists of three 
different zones; the upper convective zone (UCZ) with uniform low salinity; a non-
convective zone (NCZ) with a gradually increasing density; and a lower convective zone 
(LCZ), called the storage zone, having uniform density as shown in Figure 1.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Schematic of a salt gradient solar pond 
A solar pond is a solar thermal collector and storage system which is essentially a water 
pool with suppressed heat losses. It can supply heat up to a temperature of approximately 
95 O C as shown in Figure 1.1. The Solar pond involves simple technology and uses water 
as working material for collection of solar radiant energy and its conversion to heat, 
storage of heat and transport of thermal energy out of the system 
 
Solar pond technology inhibits heat loss mechanisms by dissolving salt into the bottom 
layer of the pond, making it too heavy to rise to the surface, even when hot. The salt 
concentration increases with depth, thereby forming a salinity gradient. The solar energy 
which reaches the bottom of the pond remains entrapped there. The useful thermal energy 
is then withdrawn from the solar pond in the form of hot brine. The pre-requisites for 
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establishing solar ponds are: a large tract of land, solar radiation, and cheaply available 
salt such as Sodium Chloride or bittern.  
A salt gradient solar pond is an efficient, low cost solar energy collection and long range 
storage system for low temperature heat. In a salinity gradient solar pond, the 
concentration of salt dissolved in the water increases with depth. It is important to 
maintain the clarity of a solar pond to allow as much solar radiation as possible to reach 
the lower zone (Alagao, 1994). The stability of its salinity gradient must also be 
maintained for it to perform efficiently as a store of solar energy. Water clarity is essential 
for high performance of solar ponds. 
1.1.1   The Upper Convective Zone  
An upper convective zone consists of clear fresh water which acts as a solar collector or 
receiver and has relatively small depth and is generally close to ambient temperature. The 
upper convective zone is the primary site where external environmental influences 
impinge upon the pond. The upper convective zone is influenced by wind agitation and 
convective mixing. Its thickness is between 0.2-0.5 m and its salinity ranges from 2% to 
80%. The upper convective zone is a zone of absorption and transmission.  
1.1.2   The Non-Convective Zone 
The non-convective zone has a salt gradient, is much thicker than the upper convective 
zone and occupies more than half the depth of the pond. Salt concentration and 
temperature increase with depth. The non-convective zone separates the upper and lower 
convective zones and that possess several different salt concentration layers, constituting 
a salinity gradient. The main focus of concern for the gradient zone is on its internal 
stability. A solar pond cannot operate without an internally stable salinity gradient and, as 
part of a minimum requirement; density must either be uniform or increase downwards to 
prevent any gravitational overturn. This means that the salt concentration must increase 
downwards as well. 
Instability of a solar pond is usually linked to a weak salt gradient, commonly because of 
a gradient breakdown. Due to its unique makeup, the gradient zone acts primarily as 
insulation so that little energy is lost when solar radiation is transmitted through the 
surface zone and the gradient zone and stored in the lower convective zone. 
1.1.3   The Lower Convective Zone 
The lower convective zone has high salt concentration and serves as the heat storage 
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zone. Almost as thick as the middle non-convective zone, salt concentration and 
temperatures are nearly constant in this zone. The lower convective zone is normally the 
region in which useful heat is stored and from which it is extracted. Most of the heat 
removed derives from heat provided by solar energy either absorbed in the volume of 
pond water or the floor of the pond. There may also be heat transfer to or from the 
gradient zone and heat transfer to or from the earth underneath the lower zone and the 
floor of the pond. Heat removal can be accomplished by extracting brine or usually by 
passing it through an external heat exchanger.  
The lower convective zone is a homogeneous, concentrated salt solution that can be either 
convecting or temperature stratified. Above it the non-convective gradient zone 
constitutes a thermal insulation layer that contains a salinity gradient. Unlike the surface 
zone, transparency in the lower convective zone does not have as much influence on the 
thermal performance of the solar pond, poor transparency resulting mostly from dirt from 
the bottom of the pond stirred up by circulation in the lower region.  
The simplicity of the solar pond and its capability of generating sustainable heat above 60 
0C makes it attractive for a lot of applications. The energy stored and collected in a solar 
pond is low grade heat at temperatures limited by the boiling point of the bottom zone 
brine. 
1.2  Clarity maintenance  
In the context of solar ponds, the term clarity is used to characterize the ability of the 
brine above the storage zone to transmit solar radiation to the storage zone. Clarity of 
pond water is one of the most important factors in achieving high performance and 
stability. It is important to maintain the clarity of a solar pond to allow as much solar 
radiation as possible to reach the lower zone. The more radiation that can penetrate to the 
storage zone, the higher will be the collection efficiency of the pond. Chemical treatment 
of solar pond brine is necessary to control bacteria, algae, and mineral content for good 
transmissivity. Control of brine pH is also necessary for clarity monitoring, because the 
pH level of the pond brine is relevant for both the biological and the chemical processes 
that affect the brine clarity. 
Water clarity, quantified in terms of the turbidity level, plays a critical role in the 
magnitude of insolation, with the effect of turbidity on solar penetration increasing with 
the depth of water (Wang and Seyed Yagoobi, 1993). 
Brine clarity in a solar pond is important as it affects the amount of radiation reaching the 
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LCZ. In order to maximize the thermal performance of the pond, the transparency needs 
to be maintained. More radiation penetrating through to the storage zone results in higher 
collection efficiency of the solar pond. It is important that the salt gradient zone be kept as 
clear as possible within reasonable economic limits. 
Pond clarity monitoring and maintenance are important factors for good thermal 
performance and stability ( Xu et al., 1994). Several techniques have been used for clarity 
monitoring and maintenance at the El Paso solar pond such as acidification, 
polymerization, filtration and saturation (Huanmin Lu 1993). At the El Paso solar pond, 
the clarity of pond brine was monitored by measuring the turbidity using the 
nephelometric turbidity unit (NTU) method. Turbidity measurements are important for 
monitoring and controlling pond clarity. 
 
Turbidity is a qualitative measure of the suspended matter present per unit volume of 
water. An increase in the turbidity values indicates an increase in the concentration of 
suspended matter. The suspended particles in a solar pond can seriously impair pond 
clarity and reduce the quantity of solar energy reaching the storage zone. The suspended 
particles and any living microorganisms in the pond absorb and scatter sunlight and 
degrade the transmission of the pond. This may reduce the thermal performance of the 
pond significantly. 
Thermal performance of solar ponds critically depends on high transparency of the pond 
brine to solar radiation. Impairment of transparency may arise from dissolved coloured 
substances, suspended particles, or populations of algae and bacteria. The chemical 
composition of solar pond brines varies greatly, and the quality of makeup water and type 
of airborne debris entering the pond is highly site specific. Brine clarity requires regular 
maintenance specific to each brine and site. 
Algal growth is common to almost all brines. The control of algae is essential for high 
transparency and good thermal performance. Several methods have been used to maintain 
clarity in working solar ponds. 
1.2.1   Sources of Turbidity 
A solar pond is open to the environment at the surface and dust and other debris may 
enter the pond, although heavier materials can rapidly sink to the bottom and finer 
particles may remain in the gradient zone for long periods of time. The suspended 
particles with any living microorganisms in the pond, absorb and scatter sunlight and 
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degrade the transmission of the pond. The absorption and scattering of sunlight by the 
suspended particles and microorganisms can also cause a local heating affect which may 
make the gradient zone unstable or breakdown. 
Pond turbidity is caused by a wide range of factors. The chemical composition of salt and 
water used varies from pond to pond (Alago et al., 1994). Unrefined salt contains 
significant amounts of impurities and nutrients. A solar pond is also a collector of 
airborne debris such as dusts, bird excreta, leaves and many other materials. While some 
impurities settle easily to the pond bottom, others simply float or suspend at some level in 
the gradient. These floating and suspended particulates directly affect the light 
transmission in the pond. Furthermore, these particulates being mostly organic, favor 
biological activities such as formation and development of bacteria and algae. Algal and 
microbial growth is common to all salt gradient solar ponds (Hull et al., 1988). 
Algae may grow in water or by exposure to the atmosphere. Algae can be found in both 
salt water and fresh water. Aquatic algae or those growing in water can be suspended or 
living in the bottom. Aquatic algae can thrive in waters of varying salinities. Most algae 
are harmless to humans and few are highly toxic, particularly blue- green, which are not 
actually algae, they are a form of cyanobacterium (Timothy, 1997). 
 
Wang and Syed Yagoobi, 1994 experimentally investigated the effect of water clarity and 
salt concentration levels on penetration of solar radiation at various depths of water. Their 
results indicated that salt concentration does not significantly affect penetration of solar 
radiation. 
Turbidity in ponds is due to the microorganism populations, algae, bacteria and organic 
matter. Sources of turbidity in solar ponds are discussed in detail in chapter 4. 
1.2.2   Parameters of Algae Control 
The parameters which are essential for control of algae growth are listed below. 
 
1.2.2.1   PH Control  
Control of brine pH is necessary to minimize electrochemical corrosion and to activate 
chemical treatment. The desirable operating range is from 5.5 to 6.5 (Fynn and Short, 
2002). Adding chemicals to the brine for various treatments will often change the pH and 
must be compensated for accordingly. For example, Alum produces acid when it reacts 
with water and it is desirable that brine pH be slightly high before adding alum. At higher 
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or lower pH, the alum flock in the water will begin to dissolve and result in ineffective 
treatment. 
A low pH in a solar pond is better than a high pH. If the brine pH is greater than 6.5, 
hydrochloric acid may be added to lower the pH. If the pH is as low as 4.0, corrective 
action need not be taken. However, if it decreases further, sodium carbonate may be 
added to increase pH. 
1.2.2.2   Bacteria Control 
Bacteria can and will grow in even the highest concentrations of brine if the temperature 
is less than 50- 600C. Chemical control for clarity in high temperature shallow ponds may 
be necessary only to get the pond above the sterilization temperature. Chlorine is the most 
commonly used chemical to control bacteria. The effectiveness of chlorine varies with 
pH, and it is more effective in an acidic solution than a basic solution. If the pH is 
maintained at approximately 6, the chlorine will have high sterilization efficiency. 
Dissolved chlorine oxidizes organic matter. If a large bacteria population exists, added 
chlorine will be used up until it has reacted with all organic matter. 
1.2.2.3   Phosphate Control 
Methods adopted from wastewater treatment processes (Leckie and Stumm, 1970, 
Jenkins, Ferguson and Menar, 1971) can control algal and bacterial growth by minimizing 
the amount of soluble phosphorus (P) in the pond. 
The organic matter that falls into the pond and is not removed by surface skimming is 
oxidized by periodic additions of a chlorine compound and most of the biogenic 
phosphates become soluble. This phosphate is then precipitated to the bottom of the pond.  
There are two factors that affect phosphate control: pH and redox potential measured (in 
volts) on the hydrogen scale (Eh) (Stumm and Morgan, 1981). Redox potential is 
proportional to the negative logarithm of the effective electron activity in the solution at 
equilibrium. It increases with increasing dissolved oxygen and decreases with depth 
because the stagnant gradient zone limits the rate at which surface O2 can reach the lower 
parts of the pond. 
1.2.2.4   Iron oxide control 
Dissolved iron in the water, depending on the locality and source, is usually one of the 
first problems that require chemical treatment. Any aeration will oxidize the iron and 
causes a rust colored iron oxide suspension to form. This suspension will reduce brine 
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transmissivity until it has settled onto the pond. The dissolved iron may cause problems to 
the metallic surface of the heat extraction system. To flocculate the iron and accelerate the 
settling, aluminum sulfate is sprinkled over the pond surface (Fynn and Short, 2002. 
1.2.3   Removal of suspended matter 
Different methods are available for the removal of suspended matter for maintaining 
clarity. 
1.2.3.1   Flocculation and Precipitation 
When small particles are suspended throughout an established salinity gradient, 
clarification can be achieved by adding a flocculation metal salt or polymer into the 
surface zone. After some days or weeks the flocculated material precipitates down 
through the stationary gradient layer and into the lower zone, where it usually settles at 
the bottom and has no further influence on thermal performance of the pond. One of the 
most common metal salt flocculants is aluminium sulphate (alum). Synthetic polymers 
and metal salts may be used separately or together as flocculating agents. Low molecular 
weight cationic coagulants have been used successfully used to clarify the TVA Pond 
(Irwin et al., 1987) and the 300 m2 OSU pond (Hull, 1989). 
1.2.3.2   Sand Filtration 
A sand filter has been found to be very effective in filtering out suspended solids in the 
storage zone. Filtration would usually be used to prepare water before adding it to the 
solar pond. It can be used to maintain the surface zone clarity. Several types of filter 
system are commercially available. Filtration systems using sand and diatomite (pressure 
or vacuum) are the most commonly employed.  
1.2.3.3   Surface Skimmers 
Wind borne debris such as leaves will contaminate the surface of a pond. The best method 
of cleaning has been found to be skimming the surface. Floating surface skimmers for 
swimming pools can take off leaves and dust rapidly. If a skimmer is located at the 
downwind end of a solar pond, the wind will help to carry the dirt to it (Fynn and short, 
2002). 
1.3  Natural Method 
Natural methods such as brine shrimps and barley straws are the most commonly used 
methods in order to clarify solar pond water clarity without the necessity of applying 
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chemical treatment. The brine shrimp method involves the introduction of brine shrimps 
to the pond. It is the method employed in both the RMIT solar ponds as it is natural and 
cost effective. Brine shrimp swim in the open water and help clarify the brine by feeding 
on algal populations and detritus. The material ingested by the shrimp is excreted as dense 
fecal pellets, which sink to the bottom of the pond. In a solar pond these pellets would 
readily drop through the salinity gradient region. The Artemia Salina brine shrimp has 
been used during the operation of the En Boqueq and Bet Ha Arava in Israel (Hull et al., 
1988). 
Brine shrimps keep the top water layer clear of algae, allowing sunlight to penetrate down 
into the bottom layer. As rain brings nitrogen and phosphorus, algal bloom increases and 
brine shrimp numbers increase as well. The brine shrimp numbers decrease as the water 
becomes clearer. Brine Shrimps are very small, delicate transparent organisms’ 
approximately 1 cm in long (Figure 1.2). 
 
Figure 1.2 Brine Shrimp 
1.4  Chemical Method  
Different methods and chemicals have been applied in various solar ponds for 
maintaining clarity. Many are adapted from standard swimming pool procedures (Hull et 
al., 1988). 
Copper compounds, chlorination and acidification are the principal chemical methods 
applied in various solar ponds. 
1.4.1   Chlorination 
Chlorination is one of the most widely used methods to control algal and microbial 
populations in solar ponds.  
  9 
The effectiveness of chlorine varies with pH and it is more effective in an acidic solution 
than a basic solution. If the pH is maintained at approximately 6.0, the chlorine will have 
high sterilization efficiency (Hull et al., 1988).  
The chlorine must be added to the pond at a depth that is close to where algae are to be 
controlled, because the water in the different zones does not interchange. The diffusion of 
aqueous chlorine solutions in water is slow, the rate being only slightly greater than that 
of sodium chloride. Electrolytic chlorinators can be used to produce chlorine.  
This method of producing chlorine has been used in the Laverton solar pond, (Alice 
Springs Australia, and Bet Ha Arava, Israel ( Hull et al., 1988). 
1.4.2   Copper Compounds 
Copper compounds are most effective for the control of blue- green algae. Copper sulfate 
has been used at a number of solar ponds including ANL RSGSP to control algae. Copper 
treatment is used in the Bet Ha Arava solar ponds where blue- green algae occasionally 
become a source of turbidity. However, there are several problems associated with the 
general use of copper, including dissimilar metal corrosion when using aluminum 
components in the system. 
One of the most dominant solar pond algae, Dunaliella, is also one of the most tolerant of 
heavy metals. If high concentrations of copper compounds are used, the amount of copper 
added begins to be a source of objectionable color. 
1.4.3   Acidification 
Addition of acid to reduce the pH of the brine to 4 or less has been practiced in several 
solar ponds including the lined Laverton Solar pond and the El Paso solar pond. A lower 
pH makes it unfavourable for living organisms to grow and multiply and thus improving 
the clarity in the pond. In several solar ponds, algae growth was successfully inhibited by 
occasional injections of HCl acid. 
 
1.5  Specific Objectives  
The overall aims of this project were to review previous work on solar pond performance 
focusing on clarity, maintenance and to investigate the best treatment methods to improve 
efficiency and maintain the clarity of solar ponds. 
The specific objectives of this work were to: 
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1. Investigate the application of chemical and biological techniques to improving and 
maintaining the clarity of solar ponds.  
2. Monitor and investigate the factors that affect the performance and efficiency of sodium 
chloride and magnesium chloride Salinity Gradient Solar Ponds. 
3. Identify the preferred biological and chemical treatment method(s) for maintaining the 
clarity of solar   ponds. 
 
1.6  Specific research questions 
The following are the specific research questions to be answered in this research project: 
• How do the rates of diffusion of different salts affect the stability of the salinity gradients 
of solar ponds? 
• How do sodium chloride and bittern solar ponds compare in terms of maintaining clarity 
& stability of the salinity gradient 
• How does algal growth impact on the clarity, stability of the salinity gradient and thermal 
efficiency of solar ponds? 
• How effective are brine shrimps as a biological means of removing algal growth in 
sodium chloride and bittern solar ponds? 
• How do chemical & biological methods for the removal of algal growth in solar ponds 
compare in terms of effectiveness & cost? 
1.7  Scope 
This project aimed to investigate the chemical and biological techniques available to 
improve and maintain the clarity of the Bundoora and Pyramid Hill solar ponds. All the 
previous known methods which were used for pond clarity and maintenance around the 
world are reviewed.  
In this study, a chemical method using hydrochloric acid and a biological method using 
brine shrimps were used for the removal of algal growth and maintaining the clarity of 
solar ponds. 
1.8  Methodology 
A comprehensive study was undertaken on three salinity-gradient solar ponds in 
Australia: a 3000 square meter bittern solar pond at Pyramid Hill in Northern Victoria; a 
50 square meter sodium chloride and 15 square meter magnesium chloride solar ponds at 
RMIT University in Bundoora, Victoria 
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This project investigated the chemical and biological techniques available to improve and 
maintain the clarity of solar ponds, and the effects on the stability of the salinity gradient 
of diffusion of salt upwards from the lower zone, for both ponds using common salt and 
bittern.  
The overall effects of clarity and salt diffusion on the thermal efficiency of a pond were 
determined experimentally 
The experimental study included monitoring the clarity of the three ponds and testing 
chemical and biological treatment methods to determine their effect on brine 
transparency. The study also included identification of parameters leading to testing 
bittern as a replacement for salt.  
A comparative analysis was performed after the application of chemical (HCL acid) and 
biological (brine shrimp) treatment. 
Tests of the sodium chloride and magnesium chloride solar ponds using brine shrimp 
examined the efficiency of solar ponds and enabled comparison of performance 
associated with the two treatment methods. Data were collated and analyzed and 
conclusions drawn. 
 
1.9  Outcomes 
This research is important in determining which of the various chemical and biological 
methods to maintain clarity in a solar pond is preferable both for sodium chloride and 
magnesium chloride solar ponds and will assist in the development of cost-effective and 
reliable solar ponds for commercial applications. Commercial deployment of solar ponds 
has the potential to make a significant contribution to reducing national and global 
greenhouse emissions. 
The research adds to existing knowledge by comparing chemical and biological methods 
to maintain clarity and gradient stability. The work is original in that it has researched the 
feasibility of using brine shrimp to prevent algal growth in magnesium chloride and 
sodium chloride solar ponds. Brine shrimp survival in  bittern ponds had not previously 
been tested. In addition, the study proposes a systematic method of investigating clarity 
and salinity-gradient maintenance in magnesium chloride (or bittern) solar ponds. As 
bittern contains heavy metals, new chemical techniques were required to maintain the 
clarity of solar ponds which use this type of saline solution. 
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Salinity-gradient solar ponds are low-cost solar energy collectors and storages that can be 
used to supply process heat and/or electricity via a heat engine, and hence contribute to 
meeting the national target for reducing greenhouse gas emissions.  
This project forms an integral part of a broader study at RMIT University into the use of 
solar ponds for the collection and storage of heat from solar radiation. This work adds to 
the pool of knowledge cited in the publications listed in section 1.8. The research 
facilitates the commercial deployment of solar ponds. Solar ponds can be readily 
integrated into salinity mitigation schemes in areas where there is a rising water table.  
 
1.10  Guide to this thesis 
In this work, sources of turbidity and their impacts on water clarity of solar ponds have 
been investigated. The measurement methods for water clarity monitoring and 
maintenance of salinity gradient solar ponds are presented in detail. Chemical and 
biological treatment methods were applied and comparative analysis on the stability and 
efficiency of solar ponds are presented.  
Chapter 1 describes solar pond technology and in particular the sources of turbidity. It 
also includes the specific objectives and specific research questions posed at the start of 
the program. 
 
Chapter 2 describes the general principles of solar ponds (including their history), main 
use of solar ponds, site requirements for solar ponds, gradient construction and 
maintenance, insulation, diffusion, an overview of solar ponds used for heat extraction, 
candidate salts and applications of solar ponds. 
 
Chapter 3. Provides descriptions of the three salinity gradient solar ponds, which have 
been used to carry out the experimental work. This chapter also presents a description of 
the measurement methods and instrumentation used and describes the pond treatment 
methods (natural and chemical) applied in the three solar ponds to achieve clarity. 
Chapter 4. Describes detailed study of the sources of turbidity and factors affecting the 
clarity of solar ponds. This chapter also includes a literature review. 
Chapter 5 Contains the results and discussion relating to the three solar ponds and an 
evaluation of the treatment methods. 
 
Chapter 6 Presents the conclusions derived from the investigation and suggests topics 
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which invite further research and study.  
1.11  Publications  
1. Malik, N, Akbarzadeh, A and Meehan, B, 2003, 'Control of algae in salinity 
gradient solar ponds and its impact on their efficiency and stability', in 
proceedings of Destination Renewable: From Research to Market conference, 
Melbourne, Australia, 26-29 November 2003.   
2. Malik, N. et al. Monitoring and maintaining the water clarity of salinity gradient 
solar ponds. Sol. Energy (2011), doi:10.1016/j.solener.2011.08.040 
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Chapter 2    SALINITY- GRADIENT SOLAR PONDS 
2.1  History 
Naturally occurring solar ponds are found in many places on the earth ( Hull et al., 
1988).Solar energy was first used approximately 2500 years ago when great Roman baths 
were heated by the sun (Arumugam, 1997). The discovery of solar ponds dates back to 
the early years of 1900s. The phenomenon of natural solar ponds was first discovered by 
Von Kalecsinky in natural occurring lakes in a salt region of Transylvania and Hungry 
(Hull et al, 1989 citing V. Kalecsinsky, 1902). One of the natural solar lakes was found 
near Elat, Israel. This lake was mixed and salinity uniformly high during summer but, 
during the winter, the fresh seawater forms a relatively low saline upper layer, giving rise 
to the solar pond effect. Naturally occurring salinity gradient or solar lakes were found in 
many places in Israel and Hungry. 
 
Following the natural solar lakes concept, further investigations were conducted in the 
1950s and 1960s in Israel in relation to artificial solar ponds. The cumulative research 
experience provided some insight into how future solar pond facilities can be designed 
and operated to extract solar heat. Artificial solar ponds offer the promise of low cost 
heat. However, to the present day, most man-made solar ponds have been constructed and 
operated primarily as research and development facilities. 
 
The first artificial salinity gradient solar pond was established at Sdom, Israel in 1960. 
The pond was of size 25 x 25 m and 0.8 m depth. The purpose of this pond was to study 
the physics of the solar pond and its economic viability. The pond operated between 
September 1959 and April 1960 and attained a maximum heat storage zone temperature 
of 92oC. The second solar pond at Sdom was operated between June and December 1962. 
 
In addition to the Sdom solar pond in Israel, two more experimental solar ponds were 
constructed. One of these ponds was very close to the first pond located at Sdom while 
the second pond was contructed at Atlith Salt works near Haifa, Israel (Tabor, H., et al 
1965). The solar pond constructed at En Boqeq in Israel was started in 1979 and it was 
the first solar pond to generate and supply commercial electricity at a peak output of 
150KW. Another solar pond was built in 1984 at Bet Ha Arava in Israel and this solar 
pond supplies a 5 MW power station. 
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Solar pond technology was introduced in the United States in 1973 with the work of Rabl 
and Nielson at Ohio State University and the experimental work was mostly related to 
heat extraction. The solar pond constructed at Chattanooga, Tennessee, together with two 
auxiliary ponds, was used for brine control and heat extraction until 1986. In Iowa, New 
Jersey, Ohio and EI Paso, Texas, commercial solar ponds are being used for heat 
extraction for private use. 
 
In Australia, Solar ponds were initially investigated in a research project undertaken 
between 1964 and 1966 (Tabor, H.Z., 1966). The research work on solar ponds was 
begun again in Australia in 1979. Solar ponds in Australia were constructed for research 
and development but some of these solar ponds have also generated commercial 
electricity including a solar pond at Pyramid Hill, Victoria. A solar pond was built in 
1984 at Alice Springs, Northern Territory. 
 
In Melbourne, the University of Melbourne in conjunction with Cheetham Salt Ltd is 
operating two solar ponds at salt works for research purposes. The Energy Conservation 
and Renewable Energy group at RMIT University, Bundoora East has initiated a research 
& development project in conjunction with Pyramid Salt Pty Ltd at Pyramid Hill in 
northern Victoria. The solar pond at Pyramid Hill was officially opened on 14 August 
2001 and began supplying heat for commercial salt production in June 2001. Geo-Eng 
Australia and Pyramid Salt, in conjunction with RMIT University, were working together 
on this project.  
The current research indicates that there is little evidence of publication in the field of 
clarity monitoring, maintenance and stability control of solar pond operation (Tsilingiris, 
Panayopas, T; 1988, 41-48). Several different clarification techniques have been used in 
the past including acidification, polymerization, filtration and saturation, but all these 
techniques were found to have some disadvantages, such as chemical handling and 
corrosion of diffusers and pipes. 
 
In another study, the spectral transmission of halo bacteria and selected chemicals in de-
ionized water at several concentrations levels were determined for their effect on solar 
radiation transmission in salt water (Wang, J; et al., 1993). The chemicals that were used 
included copper sulphate, hydrochloride acid and bleach. However, there is still little 
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literature on the effects of water turbidity and salt concentration levels on solar 
penetration (Kishore, V.V.N; et al, 1996). 
 
In another study, a major problem with bittern and seawater solar ponds has been found 
to be the growth of algae and bacteria for example in the Margherita Di Savoia solar pond 
project (Folchitto, S, 1993). In another investigation, three significant aspects of solar 
pond operation using bittern were discussed including monitoring of thermal and salinity 
profile data, reduction of wind and filtration techniques for water clarity (Macdonald, 
R.W.G.; et al., 1991). 
 
Most of the previous research work on maintaining clarity in solar ponds was carried out 
using chemical techniques. These techniques are expensive and have disadvantages like 
hazards in chemical handling and potential corrosion of metal components including 
diffusers and pipes for heat extraction and brine transfer (Lu, Huanmian, et al., 1993). 
Brine shrimps have been used previously in biological management of solar salt works 
(Tackaert, W; et al., 1993). However, study indicates that the use of brine shrimps to 
maintain water clarity in bittern solar ponds has not been investigated before. Generally, 
there have been few investigations of the methods for the removal of algae and bacteria 
in bittern ponds.  
 
In this study, brine shrimps were used in salinity gradient solar ponds to achieve good 
water clarity and thermal efficiency. As a result of successful application of a biological 
method (brine shrimps), good brine transparency in a solar pond has been achieved and 
water clarity was improved. Research work also established that the biological method is 
economical and cost effective.  
The main objective of this research project was to investigate chemical and biological 
techniques for maintaining solar pond water clarity and salinity gradient, and hence 
maximize the thermal efficiency. Solar ponds constructed both using common salt 
(sodium chloride) and bittern (a waste-product of common salt production comprising 
mainly magnesium chloride) are studied. This research has demonstrated that solar pond 
technology is economical and feasible for storing significant amounts of energy for 
several days. (Hull et al., 1988) 
The solar pond approach is now adopted in almost all parts of the world and interest in 
the technology continues to increase. A number of projects in numerous countries are 
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being undertaken, and these activities indicate the interest in using solar pond technology 
for a wide variety of purposes. 
2.2  Types of Solar Pond 
Since the early 1900s, various types of solar pond have been constructed. Salty ponds use 
salt to create a non convecting pond. Shuman and Willsie conducted investigation on 
Shallow solar ponds in 1906-1907. Shallow solar ponds are currently being studied by 
Lawrence Livermore Laboratories. Solar ponds can be classified as natural and artificial 
solar ponds.  
2.2.1   Natural Solar Lakes 
Naturally occurring salinity gradient solar lakes are known as “heliotherma” lakes, the 
salinity gradient is the “halocline”, and the temperature gradient is the “thermolcline”. 
These lakes are either a chloride or sulfate brine. Saline lakes with a density gradient are 
referred to as “meromictic” and the density gradient is called the “pycnocline”. Natural 
solar lakes have importance for solar ponds because many of the early advances in the 
understanding of double- diffusive convection were made by the scientists who were 
studying the natural lakes and similar phenomena in the oceans. A good example of 
natural solar lake is Lake Medve in Transylvania, then in Hungary (Hull, 1979). 
2.2.2   Artificial Solar Ponds 
The studies on artificial solar ponds were initiated in Israel in 1948 by Dr Rudolph Bloch 
and carried out by a group led by Tabor until 1966 (Boegli et al., 1982; Collins et al., 
1985). The first artificial solar pond was built in Israel in the beginning of 1958.  
 
Artificial solar ponds offer low cost heat and are also known as man-made solar ponds. 
These solar ponds demonstrated advancement of solar pond technology in Israel 
including electricity generation on a relatively large scale. On the basis of convection, 
artificial solar ponds can be classified into two groups known as convective and non-
convective solar ponds.  
2.2.3   Convective Solar Ponds  
In convective ponds, heat loss to the environment is reduced by covering the pond 
surface. The cover is transparent and the pond is of shallow depth and is often referred to 
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as a shallow solar pond. The shallow solar pond is the best example of a convective pond. 
A convective or shallow pond was built in Cairo, Egypt (Ibrahim., et al., 1995).  
 
2.2.4   Non Convective Solar Ponds 
In non-convective ponds the basic approach has been that heat loss to the environment is 
reduced by suppression of natural convection in the water collector cum storage medium. 
The most commonly known solar pond is the salt gradient solar pond. The non-
convective solar pond is also known as a saturated or unsaturated salt stabilized pond. 
2.2.5   Unsaturated Solar Ponds 
The salt gradient solar pond also referred to as the unsaturated solar pond is 
thermodynamically unstable. The concentration gradient decays gradually, as the result of 
salt diffusion potential between the concentrated solution at the bottom and the more 
dilute upper layers. This tendency towards the destruction of the layered configuration 
can be counteracted only by a proper maintenance of the pond (Vitner., et al., 1990). 
2.2.6   Saturated Solar Ponds 
Another form of non-convective solar pond is a saturated solar pond. It uses salts like 
KNO3, NH4NO3, and MgCl2, whose solubility increases rapidly with temperature in the 
pond and saturation of salt concentration is maintained at all depths. The pond is hottest 
at the bottom region and the temperature progressively decreases from the bottom to the 
top. Consequently an increasing concentration of salt is found towards the bottom. 
Because there is saturation at each level, the vertical diffusion of salt is checked and the 
density gradient is stable.  
 
This provides the possibility of a maintenance free solar pond. Because of the solute 
cycle, saturated solar ponds have the possibility for self maintenance. The diffusion from 
the concentrated bottom layer increases the concentration in the upper layers. Then 
evaporation from the surface reinforced by winds brings the upper layer to supper 
saturation, which is relieved under suitable conditions by crystallization. The crystals, on 
attaining the proper size, sink to the bottom and dissolve there, completing the solution 
cycle. 
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2.2.7   Gel Solar Pond 
In gel or viscosity stabilized solar ponds, the non-convecting layer is composed of a 
viscous polymer gel positioned by transparent films. The gel is located in the upper part 
of the solar pond, is less dense than water and is optically clear. It provides insulation 
against heat loss, and allows the sun to heat the bulk of the water below the gel. The gel 
has low thermal conductivity and is viscous enough to avoid convection. It uses high 
viscosity rather than a salinity gradient to suppress convection. 
2.2.8   Salinity Gradient Solar Pond 
The Salinity or salt gradient solar pond is thermodynamically unstable. The concentration 
gradient decays gradually as the result of the salt diffusion potential between the 
concentrated solution at the bottom and the more dilute upper layers. This tendency 
towards the destruction of the layered configuration can be counteracted only by a proper 
maintenance of the pond (Vitner and Sarig, 1990).  
2.3  An Overview of Solar Ponds used for Heat extraction / power 
generation 
A large number of experimental solar ponds have been constructed around the world. 
There have also been a considerable number of demonstration solar ponds constructed in 
Israel, Australia, India and USA which are supplying heat. 
2.3.1   Israeli Solar Ponds 
The world’s first commercial scale solar pond power plant was installed at Ein Boqek in 
Israel (Tabor and Doron). The plant was commissioned in December 1979 and was 
connected to the grid in 1984 (Figure 2.1) .The pond generated 150 KW power for 7 
years between 1979 and 1986. Here two solar ponds, with a combined area of the 250000 
m2, that is 25 hectares supplied the required thermal energy input to the power plant. But 
the solar pond power plant was only operated for one year, and was commissioned in 
1990. The reason was geopolitical, rather than performance related (Akbarzadeh, 
Andrews and Golding, 2005). 
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Figure 2.1 Bet Ha Arava Solar pond power station in the Dead Sea Israel 
                         Source: 5 MW Solar Power Plant Demonstration (Ormat, 2002) 
 
There has been renewed interest in solar ponds in Israel in recent years, but the focus has 
shifted from electricity generation to direct low temperature heating applications such as 
industrial process heating, space heating and desalination. 
2.3.2   Pyramid Hill Solar pond 
In 2000- 2001, a solar pond project was set up at Pyramid Hill Salt Pty Ltd. It is a 
collaborative project involving RMIT University, with two industry partners; Geo- Eng 
Australia Pty Ltd and Pyramid Salt Pty Ltd. The Project was supported by funding from 
the Australian Greenhouse Office under the Renewable Energy Commercialization 
Program. The project focused on the use of solar ponds for industrial process heating and 
in particular for the drying process in commercial salt production. The pond is located in 
northern Victoria and is approximately 200 km north of Melbourne on the Pyramid Hill – 
Boort Road (Figure 2.2). 
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       Figure 2.2 The demonstration solar Pond at Pyramid Hill in Northern Victoria 
This 3000 square meter solar pond supplies up to 60 KW of process heat for commercial 
salt production. This demonstration facility is a good example of a solar pond designed 
for a specific application. 
2.3.3   Margherita di Savoia Solar Pond 
Folchitto (1991) has described the Margherita di Savoia solar pond. The pond was 25, 
000 square meter and 4 meter deep. 500 KW of process heat were extracted from the 
pond for 8000 hours. The pipes were of high density PVC and high density polyethylene 
for bittern or seawater and of insulated fiberglass for hot drive (for carrying hot brine 
from and to the LCZ in the solar pond. 
2.3.4   Bhuj Solar Pond, India 
A 6000 square meter solar pond was constructed and operated at the Kutch dairy, Bhuj, 
India (Kumar and Kishore, 1999). The pond supplies hot water to the dairy (Figure 2.3).  
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Figure 2.3 Solar pond, Bhuj, India (Kumar, 2000) 
The heat extraction system incorporates an external heat exchanger with brine suction 
and discharge diffusers. 
2.3.5   Alice Springs solar Pond 
Sherman and Imberger (1991) analyzed the performance of the 1600 square meter solar 
pond in Alice Springs .See figures 2.4 and 2.5. Temperatures of the storage zone between 
85 and 900C were consistently maintained and a solar to thermal efficiency of 12 to 15 % 
was achieved when heat was extracted from late January to March 1989. Heat extraction 
helped to maintain the storage zone temperature within the desired range. The pond was 
used to supply heat to run a developmental 20 kW organic vapor screw expander Rankine 
cycle engine and generator (Figure 2.5). 
 
Figure 2.4 Alice Springs Solar Pond, Australia 
                    Source: Solar Pond Electricity and Power (Hignett et al., 2002) 
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Figure 2.5 ORC Engine at Alice Springs  
                       Source: Solar Pond Electricity and Power (Hignett et al., 2002)  
2.3.6   UTEP High – Performance Solar Pond 
The University of Texas at El Paso ( UTEP) has designed and operated a high 
performance solar pond ( 0.37 Hectare) at a food processing facility located 20 km 
northwest of downtown El Paso since the late 1980s (Figure 2.6). The solar pond 
efficiency and thermodynamic conversion efficiency (heat to power) were found to be 16 
5.5%. The pond generated 150 kW power for 7 years. 
 
 
                             Figure 2.6 El Paso Solar Pond, Texas, USA 
                          Source: El Paso solar pond, Texas, USA (Brown, 2002) 
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The plant has been in operation since 1983 and has reached a maximum pond 
temperature of 93 0C. Heat extracted upon demand has been used to power an organic 
Rankine- cycle heat engine (ORC) for electricity production to supply hot water and to 
supply heat to operate a spin flash desalting unit and a Licon desalting unit for fresh 
water production. The pond was used to generate electrical power at 100 KW from 
September 1986. Problems with liner failure have been encountered. In 1992 during the 
summer; a maximum electric power of 120 KW was achieved using an ORC engine 
coupled to the pond (Akbarzadeh, Andrews and Golding, 2005). 
 
The El Paso solar pond experience has demonstrated that reliable high- performance 
operation requires continuous automatic monitoring of the key pond data to maintain 
profiles that do not require speedy attention to any instability in the salinity gradient that 
might otherwise develop. 
2.4  Site Requirements for solar ponds 
When considering the use of a solar pond as a heat source, it is essential to take into 
consideration all available information on pond construction, its operation and 
maintenance and possible deficiencies that reduce the solar radiation penetration to the 
bottom of the pond.  
2.4.1   Solar Radiation 
Insolation is necessary for a solar pond. Higher insolation values will bring higher LCZ 
temperatures in the solar pond and more heat can be extracted. The abundance of solar 
energy resources is determined by the length of sunshine, the strength of irradiance, the 
season, the latitude and altitude of the locality, fine or cloudy or bad weather. The need 
for low grade heat should match with the available input of solar radiation. 
2.4.2   Salt Resources 
The cost of salt is approximately 30 to 50 % of the total pond cost; hence the solar pond 
should preferably be built near a salt producing area. The coastal areas are economically 
advantageous zones as the sea is the natural source of water and salt at very little cost. 
Also there is considerable advantage in locating ponds in areas presently accepted as high 
salt regions. The basic criteria for salt selection are transparency to solar radiation, low 
cost, minimal environmental hazard, and adequate solubility. 
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2.4.3   Weather Conditions 
The solar pond is open to the environment, so it is easily affected by the local weather 
conditions. Some of the main factors to be considered are: 
2.4.3.1   Rainfall / Precipitation 
Rainfall naturally produces the desirable salinity gradient in the region near the surface. It 
often modifies the surface zone by producing two layers of homogenous salinity that are 
separated by a thin gradient. One can give a supplement of fresh water at the surface of 
the pond to balance the water loss due to evaporation. The other one can affect the 
stability of the pond surface and the gradient profile of the pond. Moreover, rainstorm 
must be particularly considered and the pond may have to be protected if it is located at 
such a site. 
2.4.3.2   Evaporation 
Evaporation to rainfall ratio is important in the disposal of surface brine and for 
concentrating salt for future use in the pond. If annual precipitation is less than annual 
evaporation, then supplementary fresh water for the pond surface should be available at 
all times. 
2.4.3.3   Wind force 
Strong winds can affect the stability of the whole pond, thus destroying or at least 
reducing the thermal storage capability of the pond. Low wind is preferable to minimize 
mixing and deposition of debris. 
2.5  Liner  
An unlined solar pond is not advisable because of the possibility of aquifer 
contamination. Besides, salt and heat losses occur when a liner is not installed at the 
bottom of the pond. The life of the liner should be of the order of 20 years. Liners used in 
some of the major solar ponds are 
2.5.1   Pyramid Hill solar pond, Australia 
The 30000 sq m solar pond has a 1 mm thick high density polyethylene (Nylex 
Millenium) liner. 
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2.5.2   Bhuj solar pond, India 
The 6000 square meter solar pond at Kutch dairy, Bhuj, used an inexpensive lining 
scheme consisting of alternate layers of clay and low density polyethylene (LDPE). The 
lining was used on local materials Kaolinite with addition of sieved soil and a 0.25 mm 
thick LDPE film. 
2.5.3   Beith Ha Arava pond, Israel 
The 250,000 Beith Ha Arava solar pond had a compacted clay/ plastic liner lining system. 
It consisted of three 20 cm layers of compacted clay, each separated by a geomembrane. 
2.5.4   Ein Boqek pond, Israel 
The Ein Boqek solar pond 6, 250 sq m had an approximately 1.5mm thick EPDM liner. 
2.5.5   Margherita di Savoia pond, Italy 
In this 25,000 sq m pond a sheeting of 2.5 mm polypropylene was used as the line. 
2.5.6   El Paso solr pond, USA 
The 3000 sq m solar pond was initiated in 1983. A PVC (XR- 5) coated polyester fabric 
liner of 1.0 kg/m2 finished weight, was installed in 1984. In 1994 the original XR-5 
membrane liner failed and the pond was reconstructed with a geosynthetic clay liner 
(GCL) system. The geosynthetic clay liner consisted of a layer of sodium bentonite clay 
glued to a 30 mil polypropylene manufactured by Gundle Lining Systems. I n 1996, the 
upper part of the 40 mil polypropylene liner failed due to a manufacturing defect. In Feb 
1997, the entire pond was relined with an improved 60 mil polypropylene membrane. 
2.6  Insulation 
Ground heat loss is an important factor in solar pond efficiency.( Hull et al, 1988). Heat 
loss and maintenance requirements are two major factors that suggest that solar ponds are 
inherently large area devices. One of the major attractions of the solar pond is low cost. 
The use of insulation along the bottom or sides of the pond greatly increases the 
construction cost. Insulation is generally considered economically disadvantageous in 
most situations. Heat loss to the sides especially for large solar ponds is negligible. The 
heat loss to the ground (without insulation) is given by the relation 
Q =                             (1)      
  27 
If insulation is present, then it is given by  
Q =                         (2) 
Where Q is the hear loss in W. 
∆T is the temperature difference between the pond bottom and the water table in K 
∆x is the distance of the aquifer / water table from the ground in m. 
 ∆x1 is the insulation thickness in m   
 ∆x2 is the distance of the aquifer / water table from the insulation bottom in m 
A is the area of the pond in m2     
k1 and k2 are the conductivities of the insulation and the ground respectively in W / m. K  
2.7  Candidate Salts 
The essential components of a salinity gradient solar pond are dissolved salt and water. 
To establish a salinity gradient requires only very concentrated brine and a low- salinity 
brine or fresh water. The availability of low cost brine or salts having suitable chemical 
and physical properties strongly affects the overall economics of solar ponds. 
The basic criteria for salt and brine selection are 
• Adequate solubility 
• Transparency to solar radiation. 
• Low cost 
• Minimal Environmental Hazard 
The solubility of the salt composition in water is of fundamental importance because it 
determines the range of salinity (or salt concentration) and salinity gradient profiles. Salt 
diffusivity and brine viscosity certainly influence gradient stability and gradient – 
boundary behaviour 
Sodium chloride (NaCl) and magnesiun chloride (MgCl2) are the major constituents of 
salts used in solar ponds. Sodium chloride (NaCl) brines have been by far the most 
widely used salt solutions in solar ponds built around the world. While there are many 
possible candidate salts, experience to date has been limited, again with a few exceptions, 
to brine in which NaCl and or MgCl2 are the major constituent salts. This can be 
correlated with the availability and cost. 
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The use of sodium chloride salt and water to produce solar pond brines has the significant 
advantage of producing highly transparent solutions. During the initial establishment of 
solar ponds, it has been demonstrated that the use of sodium chloride and water provides 
a high degree of clarity because clean salt and water produce clear brines in the ponds. 
 
After sodium chloride (NaCl), magnesium chloride (MgCl2) is the second largest salt 
constituent of sea water. Magnesium chloride (MgCl2) is a major residue salt in the end 
brines of solar salt works. Compared to sodium chloride (NaCl), magnesium chloride 
(MgCl2) provides much more concentrated brines and greater density can be produced by 
dissolution of magnesium chloride (MgCl2) salt in the water. 
As a practical result, solar ponds operated with magnesium chloride (MgCl2) brines 
exhibit greater operational stability. It is established that magnesium chloride (MgCl2) is 
more expensive than sodium chloride (NaCl) but that in the salt processing plants, 
magnesium chloride (MgCl2) brine concentrations are often cheaper. 
Bittern is concentrated seawater, a waste product in the manufacture of sodium chloride. 
It has sodium chloride (NaCl) and magnesium chloride (MgCl2) as its main constituents. 
A chemical analysis of the bittern used at the Laverton solar pond indicates the following 
major constituents in mg/kg (See Table 2.1) (Hull et al., 1988): 
 
Table 2.1 A Typical Bittern Chemical Composition (concentration mg/ kg) 
 
2.7.1   Sodium Chloride 
Sodium chloride has been used in many solar ponds around the world because of its wide 
availability, relatively low cost and well known properties. It is the major constituent of 
sea water and many other saline waters. Sodium chloride based solar ponds are 
essentially an established technology for low – temperature applications. 
High- temperature applications of NaCl ponds have also been successful but these 
applications require more careful operation and maintenance procedures. Several ponds 
have operated at temperatures in excess of 80 OC. The thermo physical properties of pure 
NaCl solutions have been widely investigated. 
Chloride Sodium Magnesium Potassium Sulfate 
180,000 51,000 36,000 12,000 6,000 
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2.7.2   Magnesium Chloride  
Magnesium chloride (MgCl2), is the second largest constituent of ocean water and it is 
also the principal evaporate of Dead Sea brine. Magnesium chloride is a major residue 
salt in the end brines of solar salt works. Brines with substantial MgCl2 concentration are 
often cheap and at a few selected sites they are freely available for the cost of pumping. 
Two experimental solar ponds in Israel utilized MgCl2, as the only constituent salt. 
One of the largest solar ponds of 36,000 m2 in the U.S uses magnesium brine. This pond 
uses a thin gradient zone to keep the winter temperature of a deep brine storage pond 
above 13 OC (Hull et al., 1988). 
An experimental 850 m2 pond using mixed MgCl2 and NaCl was operated at the Great 
Salt Lake and magnesium ions are present in the brine used in the Los Banos ponds. 
The Margherita di Savoia Solar, Pond 25,000 m2, 4 m deep, has been filled with salt- 
work bittern and the gradient has been generated using seawater (Folchitto, 1991). 
2.7.3   Dead Sea Brine 
Dead Sea brine is unique because of its chemical composition. Magnesium chloride is the 
major chemical constituent (approximately 13%, followed by NaCl 8 %, by weight). This 
composition contrasts with that of many other hyper saline lakes where NaCl salt 
predominates. The Dead Sea brine is very dense; the average density is 1230 kg/m3 (U.S 
.Department of Interior 1971). The brine used at Bet Ha Arava is very clean and requires 
no filtration or chemical treatment prior to introduction into the solar ponds. The Dead 
Sea brine chemistry coupled with the acidity (pH 5.5) makes the deep highly saline 
waters unfavourable to the growth of halophilic microflora (Hull et al., 1988). 
2.8  Gradient Construction and Maintenance 
The key to successful operation of a solar pond is the establishment and maintenance of 
stratified regions- centering on the solar pond salt gradient which acts as transparent 
insulation (Zangrando, 1991). This layer contains two profiles in parallel, one of 
temperature T (z) and one of salinity S (z).  Both T and S increase as a function of depth. 
The slopes of these gradients are positive as a function of depth but they are rarely 
constant. The salinity gradient must be established artificially; the temperature gradient is 
formed naturally after some time by the absorption of incident solar energy. Increasing 
the temperature results in a decrease in density, whereas increasing the salinity increases 
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the density. While increasing concentration with depth enhances the stability of a solar 
pond, increase in temperature has a reverse effect on it. 
2.8.1   Methods for Gradient Establishment 
Several techniques have been developed and tested to establish the gradient region in 
operational solar ponds. In most ponds, the initial salinity gradient established was linear, 
using the Zangrando or Redistribution method. 
2.8.1.1   Zangrando or Redistribution Method. 
This technique was developed by Zangrando. In this method, the pond is partially filled 
with saturated brine at a volume equal to the desired storage zone plus half of the gradient 
zone. Alternatively all the salt which would be present in the pond (the sum of salt mass 
in the LCZ, NCZ and UCZ) is dissolved in water so as to make a solution of density 
equal to that of the LCZ. A diffuser is then placed at a level making the starting of the 
non- convective zone and fresh water (low salinity water) is pumped through a diffuser 
for a pre calculated period. 
At the end of the pumping period, the diffuser is raised to the next higher position and 
water is pumped again for a second period. The diffuser is thus moved upward 
continuously at a rate twice that of the increase in the pond water level. In parallel with 
this, solutions of appropriate density are injected for fine adjustment of the salinity 
gradient. Finally, a layer of fresh water is added to make the surface zone. The pond is 
thus completely filled. Most large ponds used a central diffuser placed at the middle of 
the pond. 
2.8.1.2   Natural Diffusion Method 
In this method the pond is half filled with water and salt is mixed to produce concentrated 
brine. The rest of the pond is filled with fresh water. Diffusion will produce the required 
density gradient, but it takes a long time. It is however satisfactory for small ponds (Garg 
et al., 1985). 
 
2.8.1.3   Batch or Stacking Method 
The pond is filled with several layers of salt solutions with successive layers of different 
salinities one on top of each other (Akbarzadeh and Andrews, 2002). The layers may be 
placed in a reducing or increasing order of salinity. If layers are to be added from the top, 
the bottom highly concentrated convective zone is prepared first. If from below, the low 
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salinity upper convective zone is made initially. At the end of the stacking process, the 
different layers merge into each other to provide a relatively linear profile. 
At the Pyramid Hill solar pond, brines with a range of salinities were readily available in 
a number of existing evaporations pond. Hence this method was used for setting up the 
pond. 
2.8.2   Gradient Maintenance 
Gradient maintenance is essential for long term operation of a solar pond. It is important 
to monitor the salt gradient zone densities and to correct any instability that may occur 
within the salt gradient zone. The de- establishment of the gradient zone affects the pond 
efficiency. The erosion process occurs because of a dynamic balance between convective 
activity and diffusive transport processes (Newell, 1993).  
 
The border between gradient zone growth and the erosion processes is one that is much 
more stringent than the criterion for avoiding internal gradient zone breakdown. That is, 
one must maintain a stronger density gradient at the interfacial regions than in the internal 
gradient region. Density within the pond is measured from time to time to monitor the 
brine salinity. In relation to boundary movement monitoring, the lower boundary of the 
gradient zone is generally subjected to convective turbulence from heating, while the 
upper boundary of the gradient zone is influenced by shear stress due to wind. 
2.8.2.1   Rising Pond 
The rising solar pond is a configuration in which brine is injected into the pond so as to 
give all or part of the gradient an upward velocity (Hull and Nielsen, 1989). This 
injection alters the salinity profile, steepening it, adjacent to the gradient zone upper 
boundary and thus helping to minimize gradient erosion. A certain volume of saline 
solution is injected into the bottom layer and an upward velocity contributes to the 
normal process of diffusion. The rising effect, unlike boundary effects, is independent of 
the pond’s horizontal size. 
2.8.2.2   Falling Pond  
This involves the extraction and reconcentration of brine near the bottom storage zone. 
This method also requires an evaporation pond. The falling pond method does not 
involve surface washing. In the Bundoora solar pond, the salt charger is kept filled with 
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sodium chloride salt. This ensures that the salt diffused to the surface is replaced. Figure 
2.7 shows the diffuser used in the Bundoora Solar pond for gradient control. 
At the Pyramid Hill solar pond, both sodium chloride salt and bittern are added through 
the salt charger. Pond density profiles are periodically obtained and analyzed. The rate of 
salt/ bittern addition is done in such a manner as to ensure stability of the gradient 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 2.7 Diffuser used in the Bundoora Solar Pond 
2.8.2.3   Densimetric Froude Number 
The Froude number can be interpreted as a measure of the ratio of the kinetic energy to 
the potential energy of a buoyant jet. The two dimensional jet of water emanating from 
the diffuser will mix with the surrounding saline water. Depending on the velocity of the 
jet, the slit width of the diffuser and the density difference between the two fluids, mixing 
will occur either above the diffuser level, at the diffuser level or below. 
Based on hydrodynamic calculations, and laboratory experiments, Zangrando (1991) 
recommended that, for the mixing to occur at and above the diffuser level, the Froude 
number must be maintained at 14 – 18 during gradient establishment. 
The Froude number is defined as,      
    
         (3) 
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Where 
U is injection velocity of fluid in m/s 
g is acceleration due to gravity in m/s2 
d is the diffuser slit/ gap width in m 
ρs is the density of the surrounding fluid in kg/m3 
ρi is the density of the injected fluid in kg/m3 
2.9  Wave suppression 
Several researchers have performed laboratory tests to prove the effectiveness of wave 
suppression devices. 
2.9.1   Wind effect on a solar pond 
The wind which produces waves and forced circulation in the surface zone affects 
conductive heat transfer and evaporation rate at the surface (Hull et al., 1988). When 
surface waves are present, there is a slight increase for nearly vertical rays and a 
substantial reduction in reflectance for nearly horizontal rays. Waves slightly increase the 
amount of time for averaged diffuse radiation to enter a body of water, but most of this 
increase is at large angles of incidence and refraction for which the radiation entering the 
water has a relatively long absorption path length. The reflectance of direct beam 
radiation is affected similarly by surface waves, and the average effect will involve the 
integral over all solar angles of elevation. 
Control of wind induced disturbances is very important for solar pond operation as they 
would otherwise result in growth of the upper Convective Zone thickness causing a 
reduction of the efficiency (Kishore and Kumar, 1996). What is needed is some device 
giving enough limitation of the effects of wind to minimize surface zone growth, without 
too much shadowing of the incident solar energy. 
2.9.2   Wave Suppression Device 
It is clear that for minimum cost and maximum solar energy input the surface coverage 
caused by the wave suppression device must be reduced to the minimum whilst providing 
adequate protection. These surface barriers limit the amplitudes of surface waves. The 
effectiveness of wave suppression devices has been tested by several researchers. 
The effectiveness of floating rings on wave suppression has been demonstrated 
(Akbarzadeh et al., 1983). The floating rings suppress wave action by dividing up the 
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surface area of the pond into small isolated cells to reduce the fetch length, which in turn 
limits the wavelengths and hence amplitudes of the waves (Figure 2.8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8 Wave suppression systems in Pyramid Hill solar pond 
The experiments described by (Atkinson and Harleman, 1987), in which wind- induced 
entrainment was measured in a laboratory tank under strongly stratified double diffusive 
conditions, were carried out in order to calibrate a numerical model for application to 
solar ponds. Tests results showed that the wave suppressors consisting of either plastic 
netting or PVC pipeware were able to reduce average turbulence levels in the water, 
though it appears that there may have been some enhanced mixing directly beneath the 
nets or pipes. 
The effects of various sizes of floating rings on the performance of solar ponds was 
investigated, using carnalite salt (KCL, MgCl2, 6 H2O) harvested from the Dead Sea 
(Jurban et al., 1996). The results indicated that the introduction of floating rings increased 
the stability of the pond. Also they increased the temperature in the storage zone. 
Moreover smaller spaced suppression was more effective. 
2.10  Diffusion  
In diffusion, the transfer of one property to another medium takes place without the 
actual movement of the media. Heat transfer in diffusion is via conduction. In the case of 
conduction heat transfer, molecules transfer kinetic energy. 
  35 
2.10.1   Double Diffusive Concept 
Solar ponds are referred as double diffusive systems because they have two components 
which are transferred at the same time, salt and heat (Hart and Kleis, 1997). 
Heat diffuses approximately one hundred times more rapidly than salt. The dynamics of 
double diffusive systems are considerably more complicated than they are for a fluid in 
which there is a single diffusing property. The fluid motions that occur in such systems, 
known as double diffusive convection which is driven by buoyancy, are a result of the 
disparity in component diffusivities. 
2.10.2   Diffusion in the solar pond 
In a solar pond, there is no movement of water from bottom to top but salt moves from 
higher concentration at the bottom to lower concentration at the surface. Salt transports 
upward due to two processes. One is convection which is a mass movement process and 
the second is diffusion which is a molecular movement processes. Convective movement 
takes place in the lower and upper convective zones. Heat transfer in the gradient zone is 
by conduction. There is salt transfer in this layer through diffusion which occurs at the 
molecular level. Besides the salt transfer by diffusion, salt transfer is affected by the 
upward and downward movement induced by the wind as well as along and up the walls 
of the solar pond. 
Mixing of salt in the upper convective zone is due to environmental processes, usually 
wind. While the salt content of the LCZ of the pond decreases, the salt content of the 
UCZ increases and thus the salinity distribution in the gradient zone must also change in 
shape and content due to salt conservation. 
 
Salt transports through the upper and lower boundaries at different rates, and the salt 
transport rates vary depending on the seasons (Alagao et al., 1993). While surface salinity 
is readily measured and its increase determined, this does not represent the total salt 
migration from the bottom gradient boundary. Apart from the natural salt diffusion from 
the gradient and storage layers, much of the increase in the surface thickness and salinity 
is attributed to the erosion of the adjacent gradient layer. This is caused primarily by wind 
agitation and surface convective flows. Water flushing at the surface besides maintaining 
low salinity level, compensates the water lost by evaporation.  
 ∆T/∆x→Heat Transfer        &         ∆C/∆x→Salt transfer                     (4) 
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Temperature has a destabilizing effect in the pond, higher pond temperature at the bottom 
providing more destabilizing effect. Pond salinity has the reverse effect. If the surface has 
low salinity and the bottom has high salinity, this has a stabilizing effect. These two 
effects oppose each other. In a stable system, the salinity effect is stronger than the 
temperature effect. 
In the absence of convective, heat transfer or any other mechanism to drive circulation, 
and initially non-uniform salt distribution (for example, configuration consisting of a 
surface zone of low uniform salinity and a lower zone of higher salinity, with a gradient 
between), will approach overall homogeneity at a rate controlled by diffusion (Hull et al., 
1988).  
Diffusion will transfer salt from the gradient into the lower part of the initially 
homogeneous surface zone and the transition between them will be more and more 
gradual. Both salinity and the salinity gradient will be continuous everywhere at all times 
and the initially homogeneous surface zones will develop gradients. Relatively sharp 
interfaces at constant level, in which gradient changes rather sharply from a non-zero 
value to zero can be maintained only if there is circulation in the mix zone of such 
strength as to maintain the zone mixed and to balance the tendency of diffusion to enlarge 
the gradient zone. Steady thermal convection can balance diffusion to maintain a 
stationary interface between zones. 
Molecular diffusion originates from the lower convective zone where salt is transferred 
upwards through the gradient zone to the upper convective zone. The diffusion is most 
responsible for the governing of the shape of the salinity profile. Left unchecked, the 
successive gradient layers above the lower zone and the surface zone will experience an 
increase in salinity. 
If the solar pond could be constructed and operated so as to avoid internal instabilities and 
boundary errosion, the salinity profile in the gradient zone would develop by the process 
of molecular diffusion with salt from the concentrated lower zone diffusing upward and 
eventually reaching the low- salinity surface zone. Some of the major factors influencing 
the salt diffusion that governs the salinity profile developed in the absence of natural 
convection are,  
1. Difference in the salt concentation of the top and bottom layer 
2. Distance between the top and bottom layer 
3. Molecular diffusivity (ks) 
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Diffusion in aqueous system containing a single salt species is called a binary system. In 
such a system the salt transport rate per unit area from molecular diffusion at constant 
temperature is proportional to the difference in salt concentration of top and bottom layer, 
distance between the top and bottom layer and to the molecular diffusitivity ks . If there is 
also a temperature gradient there is an additional transport proportional to the negative of 
the temperature gradient, to the concentration, and to the thermal diffusion or soret 
coefficient sT (Hull et al., 1987). 
The molecular diffusion coefficient ks is the mutual diffusion coefficient , which applies 
to diffusion of a chemical species into a water solution containing only the same species. 
If the salt dissociates, the requirement of approximate charge neutrality forces the ions to 
move at the same average rate. For example, NaCl in water dissociates into Na+ and Cl- , 
but both diffuse into pure water maintaining the same concentration gradient. 
 
An aqueous system containing two salts is called ternary system. In Magnesium chloride 
pond, bittern has been used for  salinity gradient . As Bittern is a by product of sea water 
and it is a mixture of various salts. In bittern , where a significant quantities of more than 
two salts are present , the situation is much more complicated. Due to high density of 
bittern, the salinity gradient is much more stable than sodium chloride.  
 
In a study by Schell et al (1983) several highly soluble salts were tested for their 
suitability in a laboratory salinity gradient ponds. The salts tested were sodium chloride 
(NaCl), sodium sulfate (Na2SO4), sodium carbonate (Na2CO3),sodium bi-
carbonate(NaHCO3), magnesium chloride (MgCl2), calcium chloride(CaCl2), potassium 
chloride (KCl), potassium nitrate(KNO3) and ammonium nitrate (NH4NO3).The 
behaviour of the laboratory pond was monitored during testing of each alternative salt. 
The results have indicated that sodium sulfate, sodium carbonate, magnesium chloride 
and calcium chloride exhibited greater stability than sodium chloride at the same 
concentration. Ammonium nitrate, potassium nitrate and potassium chloride showed less 
stability than sodium chloride at the same concentration gradient.  
The thermophysical properties of pure sodium chloride solution have been widely 
investigated. Extensive tabulated and graphical data on sodium chloride brines is 
available in a compilation of the Office of Saline Water. A tabular summary of the 
thermophysical properties commonly used in solar pond calculations have been compiled 
by Elwell  et al ( 1977). 
  38 
2.10.3   Diffusion equations 
Heat transfer by conduction is governed by Fourier’s law: 
        (5) 
Where q” is the heat flux in J/ s.m2 or W / m2 
K is the thermal conductivity in W / m.k 
dT is the difference in temperature in K 
and dx is the distance in m.   
The rate of heat transfer is identified by Q in watts or J/ s.  
The salt diffusivity in solar pond is analogous to thermal conductivity and is governed by 
the equation 
 
Where salt flux is in kg/ s.m2  
ks is the molecular diffusivity in m2/ s.  
 
Consider, 
∆C as the concentration (CB -CT) in kg/ m3 
CT as the concentration at the top in kg/ m3 
CB as the concentration at the bottom in kg/ m3 
CW as the concentration of the bore water (Pyramid Hill) in kg/ m3 
ms as the rate of salt transfer from bottom to top in kg/ s 
ms = salt flux x pond area ←  rate of mass transfer of salt 
VW = water volumetric flow rate into the pond in m3/ s 
VE = water evaporation loss rate from the pond in m3/ s 
∆x as the distance between bottom to top layer in m 
 
For the Bundoora solar pond (where the incoming water does not have any salt), 
VW -VE = Volumetric flow rate of water into the drain in m3/ s 
(Vw-VE ) * CT = ms ← rate of mass transfer of salt 
 ms = A * Salt Flux = A* ks * ∆C/∆x 
Salt Flux = ks                                                                                          ( 6) 
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Thus (Vw -VE) * CT = ms = A * diffusivity * ∆C/∆x                                (7)                                
 
For the Pyramid Hill solar pond taking into account the salt concentration of the bore 
water CW 
The equation becomes 
VW (CT - Cw ) – VE * CT = ms                                                                                                        (  8 ) 
 
In order to operate a salinity gradient solar pond at high temperature differences between 
the surface and lower zones, one of the most important parameters to monitor and control 
is the stability of the salinity gradient as a function of height or depth (Xu et al., 1991) 
The integrity of the solar pond depends on the stability of its insulating layer the NCZ. In 
a stratified solar pond, a salt gradient (or concentration gradient) has to be established and 
maintained for effective or stable functioning of the pond. It is important to note that a hot 
fluid is lighter than a cold fluid at the same concentration. The effects of salinity and 
temperature on the density, ρ (kg/m3) of the brine can be summarized in the following 
equation (Hull et al., 1989).  
 
ρ = ρo [1-α (T- T0 ) + β(S-S0 )]                                                              (9)      
 
Where T is temperature in 0C,  
S is salinity in % by weight 
α is the thermal expansion coefficient in (0C)-1  
β is the solutal expansion coefficient in ( %)-1 
Both α and β are functions of T and S. Subscript 0 refers to a reference point. It is this 
effect of temperature on the density of solar pond brine that should be counterbalanced by 
the effect of salinity to maintain static equilibrium. This static stability requires that the 
effect of salinity on the density must be equal to or greater than the effect of temperature. 
The measurement of salinity and temperature data as a function of height in the gradient 
is essential for monitoring the stability in a salinity gradient solar pond. 
The stability monitoring of the El Paso solar pond was performed by monitoring the local 
“stability margin number” (Xu, Golding and Nielsen, 1987). This method was used 
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successfully in laboratory studies of gradient stability at the Ohio State University (Xu, 
1990).The only local properties and local temperature and salinity gradients are relevant 
to the dynamic stability condition. Therefore in order to evaluate the existing gradient 
stability, the local stability margin number (SMN) can be calculated for successive layers 
at incremental depth and the absolute stability of relative positions within the whole 
gradient region then can be established. 
The ratio of the measured stability coefficient to the calculated stability coefficient 
required to satisfy the dynamic stability criterion can be mathematically expressed as: 
SMN= 
δ
measuredt
s






∆
∆
         
(10) 
Where is the calculated stability coefficient for the local temperature and stability and  
 
                (11) 
Where  ∆T and ∆S are incremental differences in temperature and concentration. 
α is the coefficient of expansion due to temperature. 
β is the coefficient of expansion due to salinity 
kt is the thermal diffusivity 
ks is the molecular diffusivity of salt 
k is the thermal conductivity  
v is the kinetic viscosity 
The local stability margin number needs measured temperature and salinity profiles. The 
measurement accuracy of temperature and salinity profiles is sufficient to provide the 
basic information for solar pond profile monitoring operation. 
In principle, the local stability margin number must be larger than 1 in order to sustain 
local stability; otherwise instability may be expected to form in that layer. In the El Pasco 
solar pond, it was found that if the calculated stability margin number approaches the 
value 1.6 at a layer, gradient breakdown will occur .The local stability margin number can 
also be used to establish an operational safety limit. If the margin approaches a 
predetermined safety limit corrective measures must be used to maintain the internal 
stability within the gradient zone. At the El Paso solar pond this operational safety limit 
was set at a value 2.0. In their stability monitoring procedure, 5 cm standard sampling 
interval was chosen. 
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2.11  Salt Management  
The natural tendency for salt to diffuse upwards is from higher concentration to lower 
concentration. If the solar pond is left unattended, the salt from the storage zone will 
diffuse upwards and destroy the gradient zone. The amount of salt necessary to maintain 
the salt gradient in the insulating layer will depend on the depth of the layer, type of salt 
used, and the temperature gradient across the layer. Salt will slowly diffuse upwards 
through the insulating layer, thereby degrading the salt gradient. To maintain the salt 
gradient, salt must be added to the bottom of the pond and the surface flushed with fresh 
water. Sodium chloride (NaCl) salt was filled in the salt charger of the Bundoora NaCl 
pond at intermittent levels. The total salt consumed was 1318 kg for the 393 day period, 
i.e. 3.35 kg/day. In terms of pond area it works out to 67 gm/m2/day. Salt consumption of 
the pond was highest in summer and it was lower during the other seasons. 
2.11.1   Salt Charging in a solar pond 
There are two methods of salt charging: 
1. Salt Charger – salt injection at the bottom through the charger, 
2. Diffuser method- A liquid with higher salt concentration is injected at the lower 
interface. A Froude number of 14 to 16 is used.  
The rate of brine injection can be calculated by the following formula: 
VC * Cin = ms                                                                                                                     (12 )                            
 
Where VC
 
is the volumetric flow rate of the concentrated brine 
Cin is the concentration of the incoming brine. 
 
For the Pyramid Hill solar pond, the overflow on 22 nd August 2002 was measured and 
found to be 9.21 in 300 sec, i.e. 110 lph. Thus (Vw - VE) = 110 lph. 
2.11.2   Salt Charger 
 A salt charger is used for both the Bundoora and Pyramid Hill solar ponds. The 
Bundoora solar pond salt charger is made of a polyethylene cylinder of a diameter of 0.6 
m, fixed to the wall of the pond (Figure 2.9). The bottom of the cylinder is open and is 
located 0.8 m above the bottom of the pond.  
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Figure 2.9 Bundoora solar pond salt charger 
The diameter of the Pyramid Hill solar pond salt charger is 1.2 m with a height of 3 m 
(Figure 2.10). The cylinder is filled with salt a little below the surface of the pond. Salt 
exiting the bottom of the cylinder produces a salt pile with the shape of a semi cone 
round the charger. 
 
Figure 2.10 Pyramid Hill salt charger 
 
2.12  Applications of Solar Ponds 
Salinity-gradient solar ponds have been established to meet a number of applications but 
do not include mining and hydrometallurgy applications. The applications include space 
and water heating, agricultural uses, desalination, electrical power generation, industrial 
process heat and aquaculture.  
 
Solar pond technology is one of the renewable energy sources. This technology has a 
number of advantages. Compared to other sources of renewable energy, the solar pond 
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approach is much cheaper, economical in operation and heat can be stored for up to six 
months. Solar pond technology is particularly attractive for remote and rural areas 
especially in developing countries. Very large area collectors can be set up for just the 
cost of the clay or plastic pond liner. 
The simplicity of the solar pond and its capability of generating sustainable low grade 
heat make it attractive for a variety of applications. Heat from solar ponds can be used for 
desalination, process heating, electrical power production, salinity mitigation, production 
of chemicals and in aquaculture and biotechnology. 
 
2.12.1   Desalination 
Desalination by salinity gradient solar ponds is one of the most promising solar 
desalination technologies and has been studied in Australia, Italy, Israel, USA and several 
other countries. 
Desalination remains an important and interesting application for the use of solar 
radiation as a source of sustainable energy (Posnansky, 1993). Thermal desalination 
processes such as multistage flash and multiple effect evaporation may use solar ponds to 
heat the incoming salty water with zero greenhouse emissions (Leblanc and Andrews, 
2007; Leblanc et al., 2010). The use of solar energy for desalination in this way allows 
valuable fresh water to be produced with zero greenhouse emissions, unlike conventional 
desalination plants which rely on emission – intensive fossil fuels. Another advantage of 
using solar ponds for desalination is that reject brine from salt producing plants, often 
considered a waste product, can be utilized as a basis for building a solar pond. This is an 
important advantage when considering solar ponds for inland desalting for fresh water 
production, brine concentration for use in salinity control and environmental cleanup 
applications. The El Paso solar pond has been operating as a research development and 
demonstration project for 15 years. The importance of this project’s desalination 
technologies is underlined by the critical issue of an anticipated shortfall of potable water 
in many areas of Texas. 
The 25,000 m2, 5m deep salinity gradient solar pond operated on the premises of a salt 
works at Margherita di Savoia, Italy had a capacity of 10 m3/ day. The desalination unit 
operated between May- Nov 1990 (Folchitto, 1993). 
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2.12.2   Electrical power generation 
It is technically possible to generate electricity from the heat stored in a solar pond as 
demonstrated for example in Israel on the Dead Sea (5 MW), in Alice Springs in 
Australia (15 KW), and the University of Texas at El Paso, USA (70 KW) (Hull, Nielsen 
and Golding, 1989). 
The most useful application of solar ponds has been the generation of electric power by 
means of an Organic Rankine -Cycle (ORC) heat engine operating from lower- 
temperature heat sources (80 – 90 OC (Grossman and Gommed, 1987). An ORC engine 
works like an existing coal fired power plant as they each are based on a Rankine cycle. 
2.12.3   Salinity Mitigation 
Integration of solar ponds into salinity mitigation schemes is an attractive potential 
application. Many areas of formerly productive land around the world are suffering from 
rising salinity levels as a result mainly of tree clearing and irrigation (See 
Figure2.10).Many salinity mitigation interception schemes involve the use of evaporation 
basins, into which saline groundwater is pumped. Solar radiation evaporates the water, 
leaving the salt behind (Akbarzadeh and Andrews, 2005). 
 
                           Figure 2.11 Salinity affected land in Northern Victoria 
A solar pond could be incorporated into such evaporation basins to produce heat or 
electricity from otherwise unproductive land. If evaporation ponds are established in a 
chain, the first few ponds in the chain provide ideal opportunities for creating salt- 
gradient solar ponds. Low salinity water (bore or sea water) is pumped into the first pond 
(a solar pond) for surface washing. The overflow goes to the next pond. The water flows 
by gravity between the ponds. The salinity increases by evaporation from the first pond to 
  45 
the last. While in the first pond the surface water salinity is 3 %, in the last pond it is 26 
% where salt precipitation takes place (Figure 2.12) 
 
Figure 2.12 Integration of a Salt gradient solar pond into a Salinity control scheme 
The surface of the solar pond acts as an evaporation surface and heat can be withdrawn 
from the bottom of the pond for industrial process heating. The energy produced from the 
solar ponds can be used in desalination and ground water pumping. 
2.12.4   Process Heating 
The El Paso solar pond facility has been supplying industrial process heat at 85 OC, 
preheating boiler feed water for the adjacent food processing plant (Swift and Lu, 1996). 
The 6000 m2 solar pond at Kutch Dairy (Bhuj) in India was used for supplying hot water 
to the dairy. The design capacity was 80 m3 of hot water per day at 70 OC (Kumar and 
Kishore, 1999). A 2000 m2 solar pond at the University of Illinois was used to supply 
space heating for the Swine Research Facility located 25 m away ( Newel et al., 1990). 
2.12.5   Production of Chemicals 
Solar ponds can be used to produce chemicals such as sodium sulphate, various chloride 
salts, fertilizer and other industrial chemicals, either in situ or by making use of the heat 
provided by the pond. A 4000 m2 solar pond in Argentina was used for providing process 
heat for the production of industrial grade sodium sulphate from a mineral consisting of a 
mixture of sulphate dehydrate, sodium chloride and clays (Lesino et al., 1990).In 
Ethiopia, the largest solar pond of 300, 000 m2 surface area was used in sodium carbonate 
production. The most closely related commercial technologies are the evaporation ponds 
at salt production facilities, which are one of the most important users of solar energy for 
process heat (Akbarzadeh et al., 2005). 
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Chapter 3    RMIT SALINITY-GRADIENT SOLAR 
PONDS 
3.1  SGSP in Australia 
Three SGSP in Australia were constructed by RMIT, two in Melbourne and one at 
Pyramid Hill ( 200 km north of Melbourne) in accordance with Australian standards and 
regulations and are being used by scientists either for research and development or for 
producing heat for commercial purposes. 
Regular experiments were conducted on the three ponds to record data, plot graphs and 
analyze the ponds performance.  
3.2  RMIT sodium chloride solar pond 1 at Bundoora 
The Bundoora sodium chloride SGSP (Figure 3.1) was constructed in 1998 in the 
renewable energy park of the School of Aerospace, Mechanical and Manufacturing 
Engineering, situated at Bundoora East, an outer northern suburb of Melbourne. Attempts 
have been made to maintain clarity in this experimental solar pond using brine shrimps 
(Artemia Salina), which swim in the pond feeding on algal populations and detritus. In 
spite of initial success, the population of brine shrimps decreased gradually to extinction. 
An explanation of this loss was lack of dissolved oxygen in the water. 
3.2.1   Pond Description 
The concrete pond is circular in shape and has a mean diameter of 8 m and an area of 50 
square meters. The height of the pond is 2.4 m and the thickness of the walls is 0.2 m. 
The lower 1.4 m of the concrete body is built into a ground recess to allow easy access to 
the surface portion of the pond.  
 
Figure 3.1 RMIT Sodium chloride solar pond with floating rings and salt charger 
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The surface of the concrete is coated with a 1 mm layer of epoxy resin to protect the 
concrete from corrosion and possible chemical reaction between salt and concrete 
(Jaefardadeh et al., 2002). The water level in the pond is fixed at 2.26 m from the bottom.  
 
Surface washing or flushing is a simple method for maintaining the thickness and salinity 
of the upper convective layer fairly constant and stable .In this pond, one end of a garden 
hose being connected to a tap source and the hose outlet is attached to a rectangular 
flusher. Holes of about 10 mm each are cut into and around the sides of this flusher. The 
drainage pipes system not only works to prevent any abnormal buildup of water level by 
rainfall, but also in conjunction with the surface flushing process. In the event when 
salinity of the upper convective zone may increase undesirably, fresh water can be 
discharged and added to the surface where the higher density water is washed and drained 
away and replaced by a fresh or low salinity surface water layer. Fresh water flows 
continuously from a supply point to flush the surface and compensate for evaporation 
(Figure 3.2). Typically the rate of flushing is approximately twice the evaporation rate.  
 
Figure 3.2 Water flushing arrangement system 
The concrete wall is used for mounting laboratory instruments including a salt charger (as 
described in 2.11.2), a diffusion system whenever needed to set up the gradient and a set 
of dial thermometers (Figure 3.4) to give a visual indication of temperatures of the 
surroundings and the top and bottom of the pond. 
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Figure 3.3 Overflow arrangement 
The pond is partly above the ground. This enables the operation of the overflow 
system and maintenance of the water level in the pond to be easily arranged and there 
is need of only minimal attention (Figure 3.3). 
 
Figure 3.4 Dial Thermometers on the pond wall 
For the purpose of observing the clarity of the pond and for monitoring the movement of 
brine shrimps at different levels in the pond, a 0.4 m wide, 1.5 m tall glass window (10 
mm thick) is installed on the western side of the pond. Floating rings, used as a wave 
suppression system, are distributed over the surface of the pond to reduce the surface 
mixing caused by wind-driven currents. Each ring is made from a high-density 
polyethylene (HDPE) strip with a width and thickness of 35 mm and 1.5 mm, 
respectively. The ends of the strip are fastened together to form a circle with a diameter 
of 0.35 m. The rings are connected to each other by plastic bands to prevent overlapping. 
The density of HDPE is less than the density of water (940 kg/m3). The pond also has a 
“fish tank” for checking the thickness of the Upper Convective Zone (Figure 3.5). The 
tank is made from Perspex and is located on the east side of the pond. It has a transparent 
scale on one side and a mirror on the opposite side. A transparent fish shaped (soy sauce) 
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container is filled with water. Initially, the fish being lighter floats on the surface. Pieces 
of putty are added to it such that the fish remains suspended without sinking. The depth 
of the fish can be read off using the scale on the tank. This allows an estimate of the 
thickness of the Upper Convective Zone. 
 
For studying stratification in the pond by flow visualization, potassium permanganate or 
KMnO4 can be used. A small dose is dropped into the pond and its effect can be viewed 
from the viewing window.  The upper and lower convective zones can be easily 
distinguished by the dispersion of the KMnO4 in the pond. Figures 3.6 to 3.9 show the 
effect of Potassium permanganate dosing in the pond as seen through the viewing glass. 
 
 
 
Figure 3.5 Fish tank 
 
Figure 3.6 viewing glass window (before KMnO4 is dosed) 
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Figure 3.7 The upper interface is visible (after KMnO4 is dosed ) 
 
Figure 3.8 A view of the Upper Interface 
 
Figure 3.9 A view of the lower interface. 
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3.3  RMIT Magnesium chloride solar pond 2 
The magnesium chloride SGSP at Bundoora was constructed in 2001 (Figure 3.10). 
Attempts ware made to maintain clarity in this experimental solar pond by chemical 
treatment. In this pond Hydrochloric acid (HCl) was added at the pond surface to reduce 
the pH of the brine around 5. However, acid addition caused corrosion brackets. 
3.3.1   Pond Description 
This pond is 4.4 m in diameter and 15 square meters in area. Its wall and base are made 
of high density plastic with a thickness of 0.011 m. The base of the solar pond is 
insulated with 0.1 m of Styrofoam. The level of water in the pond is fixed at 1.84 m from 
the bottom using an overflow system. The pond base is 1.02 m below the ground level. In 
this pond, bittern, which is a by-product of evaporated saltwater in the manufacture of 
sodium chloride, was used to build the salinity gradient. Bittern also occurs naturally in 
and under salt lakes in Australia. Bittern has sodium chloride (NaCl) and magnesium 
chloride (MgCl2) as its main constituents. The main benefits of bitterns are that they 
provide a high-density solution which enables a very stable salinity gradient and they are 
widely available at low cost. The surface washing system for the pond is shown in Figure 
3.11. 
 
Figure 3.10 RMIT Magnesium Chloride solar pond 
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Figure 3.11 Flushing arrangements at Magnesium chloride pond 
3.4  Pyramid Hill Solar pond 3 
The Pyramid Hill solar pond (Figure 3.12) was established in 2000-2001 at Pyramid Hill, 
Northern Victoria. It is a collaborative project involving RMIT and two industry partners, 
Geo- Eng Australia Pty Ltd and Pyramid Salt Pty Ltd. The Project was supported by 
funding from the Australian Green house Office under the Renewable Energy 
Commercialization Program.  Pyramid Hill is an area with relatively high evaporation 
and low rainfall compared to Bundoora.  
3.4.1   Pond Description 
The pond is sited on 128 hectares of land owned by Pyramid Salt Pty Ltd. The pond has 
an area of 3000 square meters at the surface and its depth is 3 m (See figure 3.12). To 
reduce the capital cost, the pond’s sidewall slope was constructed to a ratio of 2:1. The 
water level is fixed to 2.2 m by the overflow system and the base of the pond is at a 
distance of 3 to 5 m from the aquifer. The thicknesses of the UCZ, NCZ and LCZ were 
designed to be 0.85 m, 0.55 m and 0.8 m, respectively. A 1 mm thick high-density 
polyethylene Nylex Millennium liner was used in this pond. The pond has a salt charger 
and wave suppression system (described in sections 2.3.3 and 2.12) consisting of floating 
rings (made from strips width: 74 mm, length: 5 m, thickness: 4 mm). The rings are 
secured to each other with cable ties and to floating sealed PVC tubes. The rings are also 
kept in position by ropes which run laterally and transversely across the entire cross 
sectional area of the solar pond. The NCZ was gradually installed over a period of 
months rather than a few days thus reducing the initial heat-up time for operational 
temperature (Johnson et al., 1987).  The pond has a flushing arrangement is shown in 
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Figure 3.13. Pyramid Salt Pty Ltd is a producer of commercial salt. At the site, 12 bores 
have been developed with a delivery capacity of 1.5 ML per day. The water from these 
bores is pumped directly into the existing evaporation system.  
 
 
Figure 3.12 Pyramid Hill solar pond  
 
Figure 3.13 Flushing arrangement in Pyramid Hill Solar Pond 
A further pumping site, partially funded by the Victorian government program ‘Water for 
Growth Initiative’, consists of 10 bores with a delivery capacity of 1.3 ML per day and 
has been established 3.5 km to the west of the initial site.  
The water from this bore field is transported by means of a pipeline to the evaporation 
system. The evaporation system at Pyramid Hill consists of a series of ponds where the 
pumped water from the bores is allowed to evaporate. 12 poly-houses (70 m x 12 m) have 
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been constructed specifically to produce a high-grade quality salt for the food industry.  
The Pyramid Hill solar pond supplies heat for the salt production process. The hot brine 
from the solar pond is pumped through a water-to-air heat exchanger. The 50 kW average 
delivered heat through the year replaces an electrical heater formerly used to produce hot 
air.  The solar pond project has resulted in a reduction of electricity consumption and 
greenhouse gas emissions.  
3.5  Instrumentation and Measurements 
For the operation and maintenance of solar ponds, periodic observations of basic 
parameters are necessary in order to monitor and predict the pond performance. Data 
recording should be done for the following. 
•  weather conditions  
• temperature data 
• pond properties 
• microscopic analysis 
• chemical analysis 
 
These observations provide sufficient information for determining when the pond is 
operating satisfactorily and when maintenance procedures or corrective measures are 
needed.  
3.5.1   Weather Data Acquisition System 
For knowing the different weather variables, a weather data acquisition system has been 
installed at each of the pond sites. These systems automatically measure and records the 
weather data.  
For the Bundoora solar pond, the weather station installed on top of the Renewable 
Energy Laboratory is the EZ – Mount advanced weather station. (Figure 3.14). The 
sensors connected to the weather station are a solar radiation sensor, anemometer (for 
wind speed and direction), temperature/ humidity sensor and a rain collector. The data 
that can be obtained from the system are solar radiation, wind speed, wind direction, 
temperatures (dew, ambient, wind), humidity and rainfall. The weather station is 
connected to a computer and data from the weather station are recorded on the computer. 
The “ Energy Link “  software allows connection between the weather station and the 
computer to store, view, plot, export and print the weather data gathered by the station. 
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Figure 3.14 EZ Mount Advanced Weather Station 
The wind speed is measured by an anemometer. It also has a wind vane which indicates 
the wind direction. The solar radiation sensor is a precision instrument that detects 
radiation at wavelengths of 300 to 1100 nanometers. The remote display unit located in 
the Energy Care laboratory enables the instantaneous weather station data to be viewed 
directly and without switching on the computer.  
3.5.2   Temperature Data Acquisition System 
The system consists of a set of thermocouples at various elevations in the pond. A data 
logger instrument DT 500 is installed to collect and store the temperatures. The 
temperatures sensed are communicated to the computer with the help of a RS 232 to RS 
485 interface convertor. Power for the DT 500 is provided by a 12 V power supply and in 
the event of a short circuit, a built in rechargeable battery acts as a back up power source. 
The thermocouples used are T type, PVC coated for corrosion protection. These are 
preferred, since they provide a suitable high output voltage and are rugged, inexpensive 
and reliable in a solar pond environment. There are 20 thermocouples.  
The data logger, Datataker model DT 500 is a microprocessor based intelligent data 
acquisition instrument able to monitor, record and raise alarms for the temperature range 
in the pond. 
3.5.3   Pond properties 
Besides obtaining weather and temperature data at regular intervals, samples are manually 
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obtained including information on their densities, temperature, pH and turbidities in order 
to gain a better understanding of the pond performance and to operate the pond 
successfully.  
3.5.3.1   Temperature Measurements 
Temperature is one of the most important measurements required for pond operation. The 
thermal behavior and performance of the pond is based on the measurement of the 
temperature distribution and temperature variation in the pond.  
For manually measuring the temperature of pond, the EMT 502 Dual channel 
thermometer was used (Figure 3.15). It is a rugged instrument with a K type 
thermocouple (NiCr – NiAl). The thermocouple wire is inserted into the TI socket on the 
top of the digital thermometer. The other end of the thermocouple wires is attached to the 
bottom of the sampling tube with elastic bands. The temperature is displayed to one 
decimal place. 
 
 
Figure 3.15  EMT 502 Dual channel digital Thermometer 
3.5.3.2   Density Measurements 
Density / Salinity distribution in the salinity gradient solar pond can be measured with a 
variety of techniques including sample weighing, hydrometer, refractometers, density 
meters, point electrode conductivity, salinometer etc. Important characteristic of a good 
instruments are its accuracy, calibration, stability, cost and convenience. Conductivity 
probes are effective and inexpensive if proper calibration is maintained.     
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Figure 3.16 Anton Paar DMA 35N Density meter 
 
For measuring densities in the two RMIT solar ponds, the Anton Paar DMA 35N 
instrument (Figure 3.16) was used. This instrument is a handheld, digital, highly versatile 
instrument and works on the harmonic oscillator principle. It can provide the density, 
specific gravity or % concentration of the sample. For density measurements it has an 
accuracy of 0.001 kg/m3. 
Water samples were collected from the pond at 5 cm intervals. For sample collection, a 
sample tube is located at the side of the pond. The tube is terminated with a tee ensuring 
that the sample liquid is extracted horizontally from its layer during each sampling. The 
filling tube is screwed to the bottom of the density meter. A lever of the pump is 
depressed manually. The filling tube is submerged into the water sample container and 
then the pump lever is released slowly. The same sample measurement was taken twice 
before noting the reading. 
3.5.3.3   Turbidity Measurements 
Many methods were used to measure turbidity over the years. The Jackson Candle meter 
was used to measure turbidity as Jackson turbidity units (JTU). The Secchi Disk is 
commonly used to measure turbidity in lakes and other deep waters (mg/L SiO2). Both 
methods are visual and not considered very accurate. To obtain more accurate readings a 
nephelometer should be used as a turbidity reading instrument (Hanna Instruments). 
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Nephelometric Turbidity Units (NTU) are equal to FTU units ( Formazin Turbidity 
Units). 
At the RMIT solar ponds, the turbidity of the pond samples was measured by the 
Nephelometric Turbidity Unit (NTU) method. NTU method is one of the widely used 
methods in the water treatment industry for measuring turbidity values in NTU. An 
increase of turbidity values indicates an increase in the concentration of suspended matter 
in the pond. 
The HI 93703 Turbidity meter (Figure 3.17) was used for measuring the turbidities of the 
samples. It is a hand held microprocessor based, battery operated instrument. This method 
compares the intensity of the light scattered by the sample under defined conditions with 
the intensity of light scattered by a standard reference suspension under the same 
conditions. The higher the intensity of scattered light, the higher is the turbidity. The 
turbidity values obtained are directly proportional to the intensity of the scattered light 
measured at a 90 0 angle to the path of the incident beam emitted by the instrument. 
 
Figure 3.17 HI 93703 Turbidity meter 
A clean cuvet is filled to the line indicated on it with the water sample and then sealed 
with a plastic cap. The cuvet is wiped thoroughly with a lint free tissue (HI 93703-70) 
before inserting into the measurement cell. The cuvet must be free of fingerprints and salt 
marks.  Then the cuvet is placed into the cell. By pressing the read key the screen will 
display a blinking “SIP” (sampling in progress). The turbidity value will appear after 
approximately 25 seconds. The cuvet should be dry and clean before inserting into the 
measurement cell. 
Besides turbidity measurements, another practical method for clarity monitoring is visual 
observation of the brine colour, odour and accumulation of dirt deposits on the pond liner. 
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3.5.3.4   pH Measurement 
pH is a measure of the hydrogen ion concentration which indicates whether the solution 
is acidic or basic. A complete pH measurement system consists of a pH meter, a glass 
measuring sensor and a reference electrode and one calibration buffer solution of known 
pH 4, 7 and 10. 
 
Figure 3.18 pH Meter 
The pH of brine in the RMIT solar ponds was measured by the PH meter “Checker”. The 
pH measurements were taken by placing a sample into a beaker so that the bulb of the 
electrode was immersed in the water sample. Once the digital reading had stabilized, the 
pH was recorded. The electrode was then dipped in fresh water to remove salt in 
preparation for the next sample measurement. 
3.5.3.5   Dissolved Oxygen Measurement 
Dissolved oxygen (DO) measurements were taken on a fortnightly basis at 5 cm depth 
increments. They were taken together with the pH measurements. Dissolved oxygen is a 
very important parameter for the photosynthetic activity of algae and microorganisms. 
The concentration of DO in water indicates the ability of the system to support 
phytoplankton (microscopic plants), zooplankton (microscopic animals) and Brine 
shrimps. Dissolved oxygen was measured with a portable oxygen meter as shown in 
Figure 3.19. As oxygen levels change quickly once the sample is taken, this parameter 
should be measured immediately after collection the sample or best in the pond. While 
measuring, the probe should be moved constantly.  
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Figure 3.19 Hanna HI 9143 Dissolved Oxygen  meter 
It is a rugged, waterproof, microprocessor based meter with automatic calibration and 
temperature compensation. The DO measurements were taken by placing the sample into 
the beaker so that the tip of the probe was immersed in the water sample. For accurate 
dissolved oxygen measurements, a water velocity of at least 30 cm / sec is required. The 
measurements are displayed in ppm or % saturation by pressing the range button.   
3.5.4   Optical Microscope (Microscopic analysis) 
An Olympus optical microscope (for microscopic analysis) shown in Figure 3.20 was 
used to identify the species of algae and bacteria present in the solar ponds. Water 
samples were collected from three different solar ponds at different depths for 
Microscopic analysis. Photos were taken under different magnifications (magnification × 
40). The water sample was put into a glass slide. The slide was placed on the stage clips 
and the objectives and the diaphragm were adjusted. The image was observed via the 
ocular lens and captured by an optical camera under different magnifications.  
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Figure 3.20 Optical Microscope 
3.5.5   Chemical Analysis (ICP- MS) 
A chemical analysis of pond samples was conducted by an Inductively Coupled Plasma 
technique (ICP-MS). The equipment used was an Agilent Technologies Model 4500 
Series 300 ICP- MS, with full computer control via HP ChemStation software (Figure 
3.21). 
 
ICP- MS uses a high temperature source (ICP; ca 80000C+) to generate a range of 
charged elemental species from sample introduction into the plasma. The high 
temperature means that many elements may largely be ionized;  
ICP- MS is a very sensitive method, and capable of analyzing metal constituents at the 
ppb ( parts per billion) level. It has a wide dynamic range, with the calibration curve 
linear over a number of orders of magnitude. 
An ICP-MS consists of a sample introduction system, and inductively coupled RF argon 
plasma torch, sample and skimmer cone interface and mass spectrometer.  
The 2 % nitric acid stock solution was prepared i.e. 2 ml of concentrated nitric acid 
diluted to 100 ml with fresh Milli- Q water. A suitable standard blank of 2 % nitric acid 
was also prepared. All pond samples were diluted with 2 % nitric acid  for  the 
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quantitative analysis  which included  Na, Mg , K, Ca  Al, P, Fe, Sr  , Cl, Br,  B and 
Heavy metals Pb, Zn, Cu, As, and  Se .   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.21 Agilent Technologies HP 4500 series 300 (Hewlett Packard) 
The pond samples were very alkaline so the dilution factor which was found to be 
suitable was 10, 000 fold.  2 % HNO3 was used to prepare 1000 ppb (parts per billion) 
stock solutions of Na, K, Ca, and Mg. Water samples were run over the full mass range.  
Quantitative analysis of standards was performed and then water samples were analyzed. 
Once the instrument was stabilized it was necessary to optimize conditions for maximum 
sensitivity and linearity. All the results were obtained in ppb and were converted into 
ppm (parts per million) or milligrams per litre. (mg/l). 
3.5.6   Data Collection Procedure 
In addition to choosing the appropriate measurement methods and instruments, a proper 
measurement procedure must be followed to assure accurate data acquisition for pond 
monitoring. In this section, the data collection procedures and data produced at the RMIT 
solar ponds are discussed. 
Trials were conducted on fortnightly and monthly bases for density, pond temperature, 
turbidity, pH and dissolved oxygen measurements. After data collection was completed, 
all profiles of density, temperature, turbidity and pH as a function of pond depth were 
plotted.  Sample trial data are shown in Appendix A.1. 
Samples were collected at 5 cm depth intervals from each pond. Recording at 5 cm 
intervals was found to be adequate for monitoring the pond clarity and stability. For 
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sample collection at the RMIT pond, a sample tube was located at the side of the pond as 
shown in Figure 3.22. The tube was terminated with a tee thus ensuring that the sample 
liquid comes out horizontally from its layer during each sampling 
. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.22 Sampling tube for sample collection 
For pond monitoring at RMIT and Pyramid Hill, the pond level, surfacing flushing and 
the presence of brine shrimps were checked fortnightly and monthly.  
The pond data were produced in both tabular and graphical form. An example of the pond 
tabular data is shown in Appendix A.2, A.3 and A.4 . 
 
3.5.7   Calibration Checks of Instrument 
 It is important to check the calibrations of the instruments frequently and regularly, 
especially the calibration of the Anton Parr density meter because the accuracy of salinity 
measurement is critical for pond stability monitoring.  
The calibration of the density meter was checked  monthly with additional samples, one 
sample every 10 cm interval in the gradient zone and two samples each in both upper and 
lower convective zones. The calibration of the turbidity meter was checked once a month 
with Formazin. And the calibration of the pH meter was also checked once a month with 
the buffers of pH 7.00 and pH 4.00. 
For checking the calibration of instruments, it is very helpful to compare the most current 
measured data with the previous one.  
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3.6  Pond Treatment Methods for Clarity 
Several methods have been used to maintain transparency in working solar ponds. Natural 
methods that use brine shrimp have also been successful in controlling algae at several 
solar ponds.  
The type of technique for maintaining clarity of the solar ponds will depend on the type of 
material to be removed. The relative cost is important in the selection of the technique to 
be used in large scale ponds. The following treatment methods were tested at RMIT solar 
ponds and are discussed in detail. 
3.6.1   Natural Method (Use of Brine Shrimps) 
Brine shrimps were tested in two salinity-gradient solar ponds as a biological means for 
water clarity. Artemia salina was used in RMIT solar ponds as it is natural and cost 
effective. Brine shrimps are nearly transparent organisms about 1 cm in size (Figure 
3.23). They swim in the pond feeding on algal populations and detritus which is the main 
source of turbidity. The material ingested by the shrimp is excreted as dense fecal pellets, 
which sink down to the bottom of the pond. They have greater success in keeping water 
clear in solar ponds than in natural ponds because the expelled pellets sink to the lower 
zone and remain there. 
                                
Figure 3.23 Brine Shrimps  
The profiles such as salinity, temperature, turbidity, and dissolved oxygen were taken 
before and after the shrimps were introduced, and then were taken on a fortnightly basis. 
It was observed that the clarity of the entire pond was improved. The turbidity profile also 
showed a reduction in the turbidity. After the initial success, it was observed that the 
population of brine shrimps decreased gradually to extinction. It was also observed that 
they started surfacing and swimming slowly. They were also turning red in colour. 
In order for brine shrimp to thrive in a solar pond, accommodation must exist for the 
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laying of their eggs. Smooth membranes are not very appropriate for this, as the eggs will 
not stick to the walls, and will roll down to the high temperature zone. The presence of 
brine shrimp, Artemia in sufficient numbers is also essential for controlling algal blooms 
and maintaining water clarity. 
In the unlined Laverton solar pond another species brine shrimp, paratemia siessiana has 
been used, this species which tolerates high salinity populates the more saline of the salt 
work evaporation ponds at Laverton. (Geddes, 1981). 
3.6.2   Chemical Method (Addition of Hydrochloric acid) 
Various chemical techniques to maintain water clarity in a SGSP can be used, including 
acidification, chlorination, filtration, and algaecide addition. At the El Paso solar pond, 
HCl was used to maintain the pH level both for controlling the growth of organisms and 
the formation of insoluble inorganic compounds (Lu and Sandoval, 1993, Lu and Swift, 
1998, Xu et al., 1994, Xu et al . 1993). Chemical treatment is one of the major options 
available to control water transparency. The goal of this method is to make the water 
incapable of sustaining any type of biological activity. 
Some effective pond clarification techniques have been used at the El Paso solar pond 
such as acid addition, polymer addition, filtration and saturation (Huanmin, 1993). In this 
study, Hydrochloric acid was used for the removal of algal growth and maintenance of 
clarity.  
  
At the RMIT magnesium chloride solar pond, diluted hydrochloric (HCl) acid was used to 
maintain the pH level and turbidity level for controlling the growth of algae and 
maintaining water clarity of the pond. The technique of adding hydrochloric acid was 
employed in which 2.18ml HCL acid with 5 molar concentration was diluted to make 4.5 
litres before being added to the pond. The acid was added to the pond surface at a flow 
rate at 0.15 ml / sec, simultaneously with the freshwater flushing system (having a flow 
rate of 5 ml / day). The mixing is important because HCl has a high specific gravity and 
when added to the pond surface, the acid gradually and slowly mixed into the pond. The 
pH and turbidity profiles were taken before and after acid addition. The acid addition 
process was repeated as required. The results are discussed in detail in chapter five. The 
experimental arrangement for acid addition is shown in Figure 3.24. A plastic tube from 
the acid bottle was attached to the surface washing system (See figure 3.24). The acid 
bottle was kept safely in a cage on a metallic stand which was attached to the pond (See 
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figure 3.25).  
 
Figure 3.24 Experimental set up of acid addition 
The technique for applying acid at the surface was preferred rather than applying 
at different levels of the pond. The only disadvantage of acid addition is handling the acid 
and strong corrosion of metal pipes and diffusers. 
 
 
 
 
 
 
 
Figure 3.25 Acid bottle in a cage with a corrosive sign 
 
 
  67 
Chapter 4    CHEMISTRY, BIOLOGY AND CLARITY 
OF SOLAR PONDS 
4.1  Importance of water Clarity 
Brine clarity in a solar pond is important as it affects the amount of radiation reaching the 
LCZ. In order to maximize the thermal performance of the pond, the transparency needs 
to be maintained   
The pond clarity monitoring and maintenance are important factors for good thermal 
performance and stability (Xu et al., 1994). There is a wide range factors that hinder the 
transmission of light in the pond. Being unrefined, it contains significant amounts of 
impurities and nutrients. A solar pond is also a collector of airborne debris such as dust, 
bird excreta and leaves. While some impurities settle easily to the pond bottom, others 
simply float or suspend at some level in the gradient. These floating and suspended 
particulates directly affect the light transmission in the pond and reduce the solar energy 
to the storage zone. These particulates, being mostly organic, favour biological activities 
such as formation and development of bacteria and algae. Algal and microbial growth is 
common in all salt gradient solar ponds (Hull et al., 1988). 
4.2  Sources of Turbidity 
There are several sources of turbidity in solar ponds. The two most common causes for 
poor pond clarity are dirt which falls in and growth of living organisms. Every year a lot 
of dust, debris and living plant matter fell into the pond. Pond turbidity is caused by a 
wide range of factors. The chemical composition of salt and water used vary from pond to 
pond (Alago et al., 1994). Solar radiation plays an important role in the thermal 
performance of solar ponds. Wang and Syed Yagoobi,1994 experimentally investigated 
the effect of water clarity and salt concentration levels on penetration of solar radiation at 
various depths of water. Their results indicated that salt concentration does not 
significantly affect the penetration of solar radiation. Turbidity in ponds can be classified 
as follows: 
A. Microorganism populations 
The plant life responsible for the turbidity that impedes light penetration in solar ponds 
generally consists of algal and bacterial populations, the variety being limited by salt 
concentration. With increasing salinity there is a decrease in the number of organisms 
able to adapt to the osmotic stress. Near saturation only a few organisms grow 
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successfully, the most prominent types are the alga genus Dunaliella and Halophilus (salt 
loving) bacteria designated halo bacteria.  
Table 4.1 Microscopic Algae and bacteria as a source of Turbidity in Australian 
Solar Ponds 
Source : ( Hull et al., 1988) 
1. Algae  
The various species of Dunaliella are unicellular, motile algae. Dunaliella salina 
accumulates carotenoids when grown in high concentration at which time it appears red, 
whereas Dunaliella virids remains green in all salt concentrations .Both species are found 
in salt lakes around the world. Dunaliella salina usually predominates often giving 
extremely saline waters a characteristic red colour. 
 
Figure 4.1 Blue green algae at RMIT solar pond 
Blue green algae (cyanobacteria) have been identified in both RMIT solar ponds. They 
Description Salt 
Concentration 
Range 
(% by weight) 
NaCl 
Optimum 
(% by 
weight) 
Temperature 
Range 
( 0C) 
 
Optimum 
( 0C) 
Algae 
Dunaliella 
 
1.5- 26 
 
10 
 
0- 48 
 
32 
Bacteria     
Heterotrophs 9- 26 15 - 20 Upto 50 37 - 50 
Phototrophs 7 - 25 10 - 15 ---- 47 - 50 
Blue green algae     
Cyanobacteria 5 - 26 5 - 8 25 - 50 40 
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occur as, unicellular, filamentous or colonial forms but functionally like plants in aquatic 
systems.. Blue green algae are structurally and physiologically like bacteria 
2 Bacteria  
 Halophilus bacteria of various kinds may thrive in solar ponds and become a source of 
turbidity. The heterotrophic type lives on plant debris and in the case of solar ponds, the 
energy source for the common species Halo bacterium is usually decaying Dunaliella 
cells. Dunaliella algae have been observed to grow throughout the vertical column of a 
solar pond. Halo bacteria cannot grow at salinities much below approximately 10 % by 
weight. 
Sulfur bacteria have been observed in the lower zone of the Bundoora and Pyramid Hill 
solar ponds. Water samples from the lower levels of the pond also had a strong odor of 
hydrogen sulphide (H2S) after standing for a number of days. It is likely that this gaseous 
emission arose from sulfur bacteria in the water. These sulfur bacteria have been of less 
concern as they exist predominately in the lower zone where high optical quality is not 
mandatory. 
 
B.  Gilvin or Organic Colour 
The suspended living particulate plant matter is not the only source of biologically 
derived turbidity. When plant tissues decomposes in a solar pond  microbial action breaks 
down most of the plant matter within days and weeks to carbon dioxide and inorganic 
forms of nitrogen, sulphur and phosphorus. This decomposition process yields a complex 
group of substances referred to as “humic substances”.  
 
C.  Tripton or Nonliving Particulate Matter 
Suspended nonliving particulate matter, including soil, sediments washed into the pond , 
and decomposing algae , is referred to collectively as “tripton” in limnological studies. 
It usually appears yellowish brown in colour due to the presence of insoluble humic 
substances and the soil itself. 
4.3  Optical Microscopic Observation 
Various types of algae and microorganisms were identified by the microscopic analysis. 
Photos were taken under different magnifications (magnification × 40). 
Various species of algae which were identified by microscopic analysis in the solar ponds 
are Blue- green (Phormidium)), chlorophyta (Anabaena), Desmids (Cosmarium), Diatoms 
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(Amphora), Dinoflagellates (Euglena), Filamentous (Oedogonium). The bacteria and 
algae found in the three ponds are listed in Table 4.2. 
Table 4.2 Types of Algae fond in Three Solar ponds 
4.3.1   Characteristics of algae 
Various types of algae were identified in the three ( two RMIT and pyramid Hill) solar 
ponds. The common alga (blue- green )which was found in the three solar ponds.  The 
types and characteristics of algae indentified in the three solar ponds are described below 
in detail: 
4.3.1.1   Blue- green algae ( Phormidium) 
Blue green algae can be considered as simple aquatic plants that occur naturally in 
habitats such as marine waters, rivers, lakes, and dump soil. They can vary considerably 
in shape, colour and size. Blue green algae are actually types of bacteria called cyano 
bacteria. They are bacterial organisms that have some of the characteristics of bacteria 
and some of algae. They normally look green and sometimes may turn bluish when scums 
are dying. Taste and odour problems occur with large concentrations of blue- green algae 
and some species are capable of producing toxins ( Palmer, 1980). 
Algal bloom is a common term used to describe an increase in the number of algal cells. 
They can discolour the water, form scum, produce unpleasant tastes and odours and create 
Sampling Point 
RMIT sodium chloride 
SGSP 
RMIT magnesium 
chloride SGSP 
Pyramid Hill magnesium 
chloride SGSP 
Water surface 
Blue-green algae  
(Cyanobacteria), 
Filamentous ,Diatoms, 
Oedogonium 
Blue green algae 
(Cyanobacteria), 
Filamentous, 
Cosmarium 
Blue green algae   
(Cyanobacteria), 
Filamentous, Phormidium 
Below water 
surface 
Cosmarium Stigeoclonium Cosmarium 
Bottom of the 
pond 
Phormidium 
Amphora, 
Oedogonium 
Phormidium 
Claymydomonas, 
Euglena 
Phormidium, Desmid 
 
 Blue Green Algae 
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a nuisance which reduces the water quality. Also there are large fluctuations in pH as . 
Blue-green algal blooms occur due to high nutrient levels, low wind and high 
temperatures. 
4.3.1.2   Filamentous algae 
Filamentous algae are single cells that form long chains, threads, or filaments.. They float 
on the water surface like a mat. There are many species of Filamentous algae such as 
Spirogyra and Clarophod etc. Filamentous algae were identified in three ponds at the 
water surface. In the Pyramid Hill Pond, the Spirogyra were identified at the water 
surface. These algae grow quickly and it’s important to remove physically floating mats 
from the surface of the pond.  
4.3.1.3   Diatoms 
Diatoms are widely distributed and occur as single cells or colonies, free floating in 
water, on sediment or attached to aquatic plants, sometimes coating them with brown 
slime. They can be disbursed by the wind. When they die, they sink to the bottom of the 
lake, river or ocean floor.  Here their empty cell walls accumulate and form deposits 
called diatomaceous earth.  These yellow to light brown plants live within glass like cell 
walls made from silica.  Some look like jewels, others like spaceships. 
4.4  Impacts of Algae on water Clarity 
The water clarity of solar ponds is greatly affected by various types of algae and bacteria. 
Clean water is essential for high performance of a Salinity gradient solar pond (Golding 
and Carl Nielsen, 1987). An excess of nutrients mainly nitrogen and phosphorus can 
becomes a cause of algal blooms. Algal population in a body of water depends on the 
nutrients, temperature and light conditions. 
Potentially toxic blue- green algae (cyanobacteria) affect water quality by causing 
peculiar taste, odours and discolouration. Algae grow almost anywhere there is water. 
They are most abundant and diverse in oceans, lakes, ponds, streams and wetlands 
(Timothy, 1997). Algae are primary producers of aquatic ecosystems that are classified as 
plants due to their photosynthetic capacity. Algae are either growing in waters or exposed 
to the atmosphere.  
For aquatic algae or those growing in waters, they can be suspended or living in the 
bottom. Aquatic algae can thrive in waters of varying salinities. Fresh water algae are 
those found in waters with salinities lower than 10 ppm. Marine algae are those found in 
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waters with salinities in the range of 33 to 40 ppt (Bold and Wynne, 1985).Some green 
algae are known to grow even in supersaturated brines. While other algae are more 
restricted to neutral and alkaline waters, some can tolerate a wide range of pH. For 
example, Chroococcus, a blue green alga, can survive and live in acidic habitats at pH 4.( 
Bold and Wynne, 1985). Algae can also live in a wide range of temperatures. Antarctic 
and arctic algae are known to survive at temperatures as low as -1.77 OC and some algae 
survive and live in hot springs at temperatures as high as 85 OC (Round, 1973). 
The colour of the water can give useful indications concerning the type of organisms 
present in the pond. If the water colour of the pond was green and brown, it an indication 
of blue- green and possibly diatoms (Peter Baert, et al, 1987). Colour in water is almost 
always due to the soluble and colloidal organic material, which is extracted from decaying 
vegetation, known as humic substances. Algae can be found in both salt water and fresh 
water. Most algae are harmless to humans and few are highly toxic, particularly blue- 
greens, which are not actually algae, they are a form of cyanobacterium. 
4.5  Investigation of Coloured Organic Matter 
The organic substances which are incompletely broken down by decomposers such as 
bacteria are called humic substances. Humic acids are large molecular organic acids that 
are present in water, often giving the water a yellow or brown colour .The coloured 
organic matter is often called humic compounds  or humic and fulvic compounds. These 
are polymeric products of carbohydrates, Lignins, proteins and fats in various stages of 
decomposition. The yellow and brown colour in the ponds was investigated to find the 
source of humic compounds.  
Water samples were collected from the bottom of the Bundoora ponds to investigate the 
dark brown colour present in the samples. For this investigation, the Total Organic 
Carbon (TOC) analysis was required to find the source of humic substances. The result 
indicates (See Table 4.3) that the total organic carbon concentration in Magnesium 
Chloride  pond and Sodium Chloride  ponds  were 410 mg/l  and 18 mg /l respectively .  
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Table 4.3 Total Organic Carbon Results (TOC)  
 
Sample Description 
 
Date Sampled 
 
Time Sampled 
 
 
 
         TOC 
Sample 1 
 
NaCl Pond @ 2.3m depth 
 
29/08/03 
 
 
12.30 pm 
 
18 mg/L 
Sample 2 
 
Bittern Pond @ Bottom 
 
29/08/03 
 
12.35 pm 
 
410 mg/L 
Sample 3 
 
Bittern Pond (1.5cm 
from water surface) 
 
29/08/03 
 
12.40 pm 
 
430 mg/L 
According to the TOC and heavy metal results the colour in water is associated with a 
number of factors. Firstly, the dark brown colloidal matter or yellow tint in water 
indicates that humic acids are present. Factors that influence humic colour include the 
type of vegetation and the amount of iron and manganese complexed with the humic 
matter. The results are discussed in chapter 5.  Colour can also be due to the presence of 
microscopic plants such as the blue green colour of the cyanobacteria. 
4.6  LITERATURE REVIEW OF TREATMENT METHODS  
Good brine transparency is very important for pond performance. It is necessary for pond 
efficiency to monitor the clarity and maintain it at a desired level. Natural methods such 
as brine shrimps and barley straws are the most commonly used methods in pond water 
clarification without the necessity of applying chemical compounds. 
4.6.1   Natural Methods (Brine shrimp) 
In a natural solar pond located in the Sinai Peninsula, a species of brine shrimp Artemia 
Salina was first observed to be responsible for a natural clarification effect in the pond. 
Brine shrimps are nearly transparent organisms about I cm in size. In salt works Artemia 
is found in the evaporation ponds only at intermediate salinity levels from approximately 
100 ppt , the upper tolerance level of predators to approximately 250 ppt . Above that 
level food becomes limiting and the Artemia need more energy for osmo-regulation 
(Tackaert and Sorgeloos, 1993). 
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At high salinities, depending on the local strain as well as hydro biological conditions in 
the ponds (e.g water retention time , water depth, pond productivity) cysts of Artemia are 
produced seasonally or year round. 
In most Artemia habitats population densities are very low  as a result of food  limitation 
due to low nutrient contents of the intake waters. Some solar salt works, especially those 
located in highly eutrophicated areas have a very high productivity including Leslie 
saltworks in the San Francisco Bay, California, USA, and the Bohai Bay in P.R. China ( 
Tackaert and Sorgeloos 1992). 
 
Artemia was introduced in the Northeast of Brazil in 1977, when San Francisco Bay cysts 
were inoculated into the salt ponds of the Companhia industrial complex. Artemia 
populations have been established in many other salt producing areas in the Northeast of 
Brazil as a result of dispersion by birds, wind, and humans (Rocha and Camara, 1986). 
Artemia does not occur in every existing body of sea water. Brine shrimps cannot migrate  
from one saline biotope to another  via the sea. The Artemia found in several saltworks 
have been accidently introduced by  man. Following an old custom, some salt farmers 
seeded new salt pans with salt often containing Artemia cysts from an operational 
Saltwork. (Geddes and Williams, 1987). 
The presence of brine shrimp Artemia in sufficient numbers is essential not only for 
controlling algal blooms but also for providing essential nutrients (Davis, 1980).  
 
At Laverton solar pond, a filtration system comprising glass fibre filters was designed for 
ultra filtration. They were found to be very effective. The use of Brine shrimp, Paratemia 
zietziana , led to substantial clarification of the pond  ( Macdonald et al ., 1991).  
 
In the Bait- Ha – Arava and Ein  Boqek solar ponds, algae developed  mostly in the upper 
areas. They were held in check by osmotic shock treatment wherein the surface of the 
pond was washed with fresh water. The algae experience a sudden change in the osmotic 
pressure. This reduces their rate of population growth.  The Artemia Salina brine shrimp 
have also been used during the operation of the Ein Boqek Bait Haarava solar ponds in 
Israel (Tabor and Doron , 1990). 
4.6.1.1   Barley Straws 
The application of barley straw has been tested in a wide range of situations throughout 
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the world and has proved to be very successful in most situations with no known 
undesirable side effects. The technique of using barley straws for algae control was 
developed in the early 1990s in England, where it was widely used in many bodies of 
water, such as large reservoirs and canals (Caffrey and Monahan, 1999, Harriman et al, 
1997, Welch et al, 1990). In general, it is thought that fungi decompose the barley in 
water, which causes a chemical to be released that prevents the growth of the algae. The 
specific chemical has not been identified (Oxidized polyphenolics and hydrogen peroxide 
are two decomposition products that have been suggested) and it is not clear whether the 
chemical is exuded from the barley itself or if it is a metabolic product produced by the 
fungi (Everall and Lees 1997, Pillinger et al. 1994).  
4.6.2   Chemical Treatment Method  
Several methods have been used to maintain transparency in working solar ponds. 
Chemical treatment is one of the main options available to control water transparency.  At 
the El Paso solar pond, some effective clarification techniques were used such as acid 
addition, filtration .polymer addition and saturation. Acidification was done using Hcl 
acid. The pH was maintained below 4.5 (Lu and Sandoval, 1993) (Lu and Swift, 1998, Xu 
et al., 1994, Xu et al ., 1993).  At the El Paso solar pond, HCl was used to maintain the pH 
level both for controlling the growth of organisms and the formation of insoluble 
inorganic compounds. The diluted acid was added to the pond with a peristaltic pump 
having two heads. One head extracts from the pond and one extracts from the acid drum. 
At the outlet side, the two heads feed into a tee which connects to a diffuser in the pond. 
The two heads have different flow rates from which an acid to brine ratio is achieved. 
Because of the higher specific gravity of HCl, mixing is required because when acid is 
added to the surface of the pond, it tends to drop to a lower level.  There are some 
disadvantages for using HCl including handling and corrosion of the metal diffusers and 
pipes.   
 
J. R. Hull at the 1000 m2 Research salinity – gradient solar pond (RSGSP) at Argonne 
National laboratory, (ANL),Illinois , described the low cost chemical method that has 
successfully controlled algae by minimizing the Phosphate content of the brine in the 
sodium chloride pond. Various methods were reviewed such as Chlorination, Copper 
compounds and acidification. Copper compounds have been used at a number of solar 
ponds including ANL RSGSP to control blue – green algae. Chlorine compounds are 
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effective because they oxidize most organic molecules. When chlorine is added to water, 
it rapidly hydrolyzes to hydrochloric (HCl) and hypochlorous ( HOCl) acids. In order to 
maintain good transparency, it is important to minimize the Phosphorus content in the 
pond. In this pond ,the addition of modest amounts of aluminum sulfate ( < 5 g m- 2 yr1)  
to precipitate soluble phosphate has resulted in a reduction of the amount of chlorine used 
from 13 g m-2  yr-1 to 2.2 g m-2 yr-1 . The results indicate that the addition of aluminum 
sulfate greatly reduces the total chemical treatment of the pond while maintaining good 
transparency. The algal growth was controlled by minimizing Phosphate. This method 
can be useful in any sodium chloride pond. 
 
Macdonald et al (1991) have described the design and application of a suitable and 
economic filtration system for cleaning bitterns in the Laverton solar pond. This system is 
based on commercially available glass fibre filters designed for ultra filtration. At the 
Laverton solar pond, bittern is used to build the salinity gradient. The filter consists of a 
fibrous glass straw filter in a canister having a filtration range of 0.2 micron.. Water flows 
through the straws and the tangential pressure on the glass walls leads to the transport of 
filtered water across the membrane. The concentrate is then returned to the pre filtered 
bitterns storage. Any material which collects on the glass walls is sheared off by the flow 
rate. This filtration system was found to be very effective for removing all coloured 
material and producing crystal clear water. A single filter canister of 2.7 m2 surface area 
was used for field tests. To operate such a filtration system in a commercial solar pond 
several canisters would be required. The results showed that the actual glass fibres would 
have sufficient life to be economic in the cleaning of solar pond bitters.  
Mehta et al (1988), have added regular doses of copper sulphate and alum in 1600 m2 
bittern based solar pond at Bhavnagar for water clarity.  
 
Newell et al ( 1990) , have used Copper sulfate and calcium hypochlorite for controlling 
algal growth in the 2000 m2 University of Illinois (UI) solar pond. Copper sulfate has 
been added in 11 kg doses for long term maintenance of transparency. Calcium 
hypochlorite was generally used shock treating the pond when algal blooms occur. Shock 
treatments consist of 11 kg of calcium hypochlorite spread over the pond surface. The 
results showed that copper sulfate and calcium hypochlorite were found to be effective 
treatment procedures for the U.I solar pond. Sherman and Imberger (1991) analysed the 
performance of the 1600 m2 solar pond in Alice Springs. The clarity was maintained by 
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actively chlorinating the surface layer to prevent the formation of algal blooms at the top 
of the pond.  Another cost effective method for controlling algal growth is by dosing with 
copper sulfate or adding a polymer flocculants and has been successful in  the Alice 
Springs solar pond. 
 
Folchitto (1991) has described the 25, 000 m2 Margherita di Savoia solar pond. At 
Margherita di Savoia pond the bittern was clarified by chemical treatment before filling 
the pond. Inorganic metal salts aluminum and organic polymers were added. In this pond 
the sludge produced by flocculation (10 % - 30 % of treated bittern) was settled into tanks 
which were pumped out. The tank and pump system was designed to obtain an upward 
water velocity less than 1 m / hr. After sedimentation the bittern was completely 
discoloured and more than 80 % of the inlet turbidity was removed. The average resulting 
turbidity of the treated bittern was approximately 4 – 5 NTU. Sodium hypochloride 
solution (10 – 15 % free chlorine by weight) was used to sterilize the water before it was 
pumped in to the pond. When sodium hypochloride reacts with water, it produces 
hypochlorous acid ( HClO) which acts as a bactericide and algaecide.  
The chemical composition of bittern shows high turbidity values 40 – 100 NTU arising 
from the presence of pink colour. The pink colour is mainly caused by Dunaliella Salina, 
which grows in the bittern at medium temperature and lives in it up to 60 O C. This is a 
difficult problem in hot humid climates where algae and other biomatter tend to grow 
very fast and give the water a soupy green colour affecting the transparency of the pond. 
Many investigators have proposed different methods to reduce the growth of algae that 
thrive in saline waters based upon the use of chemicals.  
 
Patel and Gupta (1981) have used copper sulphate and chlorine to prevent the growth of 
algae. They have suspended  bleaching powder bag at varying depths in order to 
chlorinate the pond water. In order to accelerate the setting rate of dead algae and dirt, 
alum was sprinkled over the pond surface.  At the Einboqek pond a dilution shock method 
was successfully applied to control algae. 
 
Armugam (1997) has explained the chemical treatment method for pond clarity. He used 
5 litres of sodium hypochlorite solution of specific gravity 1.200 dissolved in 15 litres of 
water which was sprayed on the top of the solar pond to control algal bloom in the UCZ 
layers. The application of 2 ppm of sodium hypochlorite was found to be successful in 
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controlling the growth of algae. In order to remove algae in the deep gradient layers, 
sodium hypochlorite solution was dissolved in water to achieve a specific gravity which 
was the same as the specific gravity of the algae contained gradient layer. The solution 
was injected through the vertically movable diffuser positioned at that level.                  
4.6.3   Findings  
The biological method (by the use of brine shrimps) for the removal of algal growth is 
quite effective and economical due to their wide availability. The minimum quantity of 
shrimps used in NaCl pond (50 m2 ) were 3 bags which costs approximately $18. This 
quantity would last for 8 months. The chemical treatment by addition of diluted 
hydrochloric acid was quite successful in lowering the pH and the recuction of turbidity 
values. It also reduces the algal growth in the pond. Once the turbidity was reduced, it 
was maintained by the occassional addition of acid. The acid bottle costs $ 45. Both 
chemical and biological methods have shown significant reduction in pond turbidity 
values. The results has showed that  the natural treatment by the use of brine shrimp for 
the removal of algae is more effective and economical as compared to the chemical 
treatment.  
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Chapter 5    Experimental Results  
 
5.1  Characterization of Sodium Chloride Solar Pond 1 
This chapter describes the experimental results obtained through measurements for 
physical, chemical and biological characterization of the sodium chloride solar pond 1. 
This chapter further describes various different measured parameters obtained before and 
after the natural treatment by using brine shrimps. 
5.1.1   Physical Measurements 
This section contains a discussion of experimental results obtained through measurements 
during the natural treatment. It includes the analysis and discussion of each measured 
profiles of density, temperature, turbidity, dissolved oxygen and pH .The results have 
been presented in graphs and tables to analyze the effectiveness of the treatment method. 
A discussion of the profiles  is given in the following section.  
5.1.1.1   Typical Density Profiles (2002) 
 
Density profiles give the best information for the location of zone boundaries, because the 
density boundaries exhibit much smaller fluctuations than the temperature boundaries. 
Salt diffusivity is much less than temperature diffusivity. Trials were conducted during 
the period June 2001 to Feb 2005 for the RMIT sodium chloride Pond. From the graphs, it 
is observed that the LCZ thickness has been constant at approximately 0.8 m. This is 
because the salt charger was maintained full of salt with its opening approximately 0.8 m 
from the pond bottom. The thickness of the UCZ over the trial period varied. It was 
almost steady at close to 0.2 m until January 2002. 
 
 In April 2002, the thickness of UCZ increased to 0.3 m because of strong winds. In 
August, further strong winds increased the UCZ thickness to 0.65 m. The density of the 
UCZ has been maintained by surface flushing with fresh water until June 2002. Surface 
washing was then stopped because of a faulty stop valve. However rain helped in surface 
flushing during recent months. The density profiles are shown in Figure 5.1. As can be 
seen in Figure 5.1 the density increased during December 2002.  
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Figure 5.1 Density Profiles of the Sodium Chloride Pond in 2002 
5.1.1.2   Density profile before and after shrimp addition (February 2003) 
The shrimps were introduced into the pond in February 2003 for maintaining water 
clarity. Measurements were taken on 6th February 2003 before putting shrimps into the 
pond. The measurements were taken again after 2 weeks. Figure 5.2 shows the density 
profiles before and after shrimp addition to the sodium chloride pond. 
It can be seen clearly in Figure 5.2 that the density profile after shrimp addition indicates 
that there is mixing in the particular level between 1m  to 0.6 meter and this relates to the 
level of salt in the salt charger. It can be seen that the density profile has changed in the 
UCZ and in the NCZ (from 1.8 m to 1 meter) which indicates that shrimps were active in 
that particular region. It is concluded that there was not enough salt present in the salt 
charger and some mixing in the upper part of the NCZ due to shrimps activities. The 
exercise was repeated twice to make sure that the measured data were accurate. The 
repeated data showed the same results.  
The shrimp activity was observed carefully and it was noticed that shrimps swim at the 
surface and upper part of the non convective zone up to 1.2 meter because of the salinity. 
This is an indication that the salinity at that level is suitable for shrimps. It was observed 
that the shrimps were healthier and their movement was faster in the upper part of the 
NCZ. Salinity is important in setting the lower and upper limit between which Artemia 
can thrive. Growth and survival of shrimps are greatly influenced by salinity and 
temperature. Brine shrimp Artemia is found in solar ponds only at intermediate salinity 
levels from approximately 100 ppt to approximately 250 ppt. (Tackaert and Sorgeloos, 
1993). It was observed that because of strong wind in May 2002, the thickness of the 
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UCZ increased. The shrimps survived for eight months in the salt water solar pond from 
when they were first introduced into the pond (Feb 2003 to September 2003).   
 
 
 
 
 
 
 
 
 
                       
Figure 5.2 Density profiles before and after Shrimp addition   
5.1.1.3   Density Profile (Monthly comparison after the treatment) 
Figure 5.3 shows monthly comparison of density profiles after shrimp addition. It can be 
seen that the density is quite uniform in the lower convective zone. In February and April 
2003, the thickness of the UCZ was increased to approximately 0.5 m because of the 
improvement in clarity. The thickness of the UCZ decreased in July 2003. After the 
shrimps death in the pond, further shrimps trials were conducted in November 2003.  
 
 
Figure 5.3 Density Profiles of the Sodium Chloride Pond in 2003  
  82 
The data was taken before and after the shrimps addition in November and December. It 
can be seen clearly in Figure 5.3; the November and December profiles showed that there 
is mixing in the upper part of the non convective zone from 1.8 m to 1.2 meter due to 
shrimps activity. It can be concluded that mixing in that particular level was due to 
shrimps activity which has influenced on the density profile in the NCZ. The shrimps 
activity was observed carefully and it was noticed that shrimps ware healthier and their 
movement was faster in the UCZ and in the NCZ from 1.8 m to 1.2 meter. There was no 
movement in the LCZ.  It can be concluded that shrimps can survive where the maximum 
salinity is approximately 22 %. Above this salinity very little Artemia activity can be 
observed. It was noticed that the clarity of pond was improved due to the shrimps activity.  
5.1.1.4   Density Profile Comparison for 2004-2005 
Density recording was continuous after the natural treatment for water clarity.  The 
stability of the density was monitored by recording monthly measurements. Comparisons 
can be made based on the monthly recorded data. Figure 5.4 shows the density profiles 
for 2004 and 2005. The lowest density observed during the trial period was 998.3 kg/m3 in 
February 2002.  Density in the LCZ has been maintained at between 1192 and 1200 kg/m3 
throughout the trial period. The density recorded in December 2002 was 1205.6 kg/m3. 
The maximum density reading recorded in February 2005 was 1210.3 kg/m3.  The UCZ 
thickness increased due to strong wind in January 2004 to approximately 0.4 m from the 
thickness recorded for the other months in 2004. 
 
 
                   Figure 5.4 Density Profile comparison in 2004     
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5.1.2   Temperature Profiles before and after Shrimp addition (February 
2003) 
Figure 5.5 shows the temperature profiles before and after shrimp addition. It can be seen 
in Figure 5.5 that the temperature profile changed after the addition of shrimps. The 
temperature increased by 5 degrees in the LCZ because most of the algae were consumed 
by the shrimps. The increment in temperature has direct correlation with the shrimp 
addition causing an improvement of brine clarity.  This led to more radiation reaching the 
bottom of the pond. In addition to the improvement of brine clarity, the increase in 
temperature by 5 0C was due to two parameters such as ambient temperature and solar 
radiation. Ambient temperature is an important factor in determining the pond 
performance. The temperature of the surface convective zone and the upper part of the 
gradient zone was affected by ambient temperature. The solar radiation received at the 
pond surface is a major factor in determining the thermal performance of a solar pond. 
The improvement of pond clarity led to more radiation reaching the bottom of the pond. 
The pink curve in Figure 5.5 indicates that there was not enough salt in the pond.   
 The shrimp had a large impact on the temperature profile. The growth and survival of 
Artemia are greatly influenced by temperature and salinity. Both parameters should be 
considered together. It was observed that shrimps only swim in the upper and non 
convective zones because of the temperature. A common range of temperature preference 
from 19 – 25 OC can be detected in which mortality is less than 10 %. Temperatures 
Above 30 OC become lethal (Vanhaecke et al., 1989). 
 
  Figure  5.5 Temperature profiles of RMIT SP before and after Shrimp addition  
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The shrimps activity was observed in the UCZ and in the NCZ up to 1 meter where the 
pond temperature range is 20 to 45 OC which indicates that shrimps can survive at that 
temperature range. There was no movement in the LCZ. The temperature of the LCZ of 
the pond reached a maximum of approximately 55 OC in February 2003 and 2004. 
February and April are the periods when pond temperatures are comparatively high. 
Correspondingly, during the peak months of winter June and July 2003, the pond 
temperatures were lower (Figure 5.6).  
As this pond does not have insulation at the bottom, there is considerable heat loss to the 
ground. The sampling tube is located on the southern inner side of the pond  and heating 
of the wall side by the solar radiation has had some effect on temperature variations due 
to convective currents being generated  by the side walls (Akbarzadeh, 1988) ( 
Akbarzadeh, 1989).  
5.1.2.1   Temperature profiles (Monthly comparison after the treatment) 
Figures 5.6 and 5.7 shows monthly comparison of  temperature profiles for 2003 and 
2004 after the treatment. 
In the Upper Convective Zone, temperature variations with depth are observed for two 
reasons; firstly the effects of wind when the readings are recorded at each level and 
secondly change in solar radiation intensity during the time the readings are recorded. The 
maximum temperature achieved in 2003 was 45 OC as shown in Figure 5.6 while in 2004 
was above 50 OC for the month of March which was due to the improvement of water 
clarity. 
 
        Figure 5.6 Comparisons of Temperature Profile of the SP in 2003  
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        Figure 5.7 Comparisons of Temperature Profile of the SP in 2004    
The maximum temperature achieved in 2004 for the month of March was above 50 0C as 
shown in the Figure 5.7 which was due to the improvement of water clarity.  
5.1.3   Turbidity Profiles before and after (February 2003) 
Turbidity is widely used as an indicator of water clarity in the water treatment industry. It 
is used to determine the relative transparency of pond brines (Kirk, 1983). The turbidity 
profiles were obtained during the period September 2002 to April 2004. Figure 5.8 shows 
the turbidity profiles before and after the addition of brine shrimps to the pond.  Generally 
the UCZ and NCZ regions have indicated low turbidities less than 1 NTU and higher 
turbidities were observed in the LCZ regions. As shown in Figure 5.8 the turbidity was 
almost zero in the upper NCZ and Lower convective zone.  
The turbidity profile showed a reduction in the turbidity values, as it can be seen in Figure 
5.8 such that the turbidity was almost zero in the pond after 2 weeks. Due to reduction in 
turbidity, the clarity of the entire pond was improved. After the initial success, it was 
observed that the population of brine shrimps decreased gradually to extinction. It was 
also observed that they increasingly surface, swim slowly and turn red in colour. 
 An explanation of these observations is that brine shrimps were under stress due to  lack 
of dissolved oxygen, changes in salinity, pH and temperature of the pond. Initially, the 
water clarity was improved and their number declined six months later. This was 
attributed to the blue-green algae such as Anabaena, phormidium, oedogonium which are 
found in sodium chloride pond. 
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The results indicate that the natural treatment using brine shrimps was quite effective for 
improving the clarity of solar ponds. The explanation for their survival is described in this 
section. Artemia can survive in solar ponds only at intermediate salinity levels of 
approximately 110 ppt to 250 ppt (Tackaert and Sorgeloos, 1993).  
 
Figure 5.8 Turbidity profiles of  NaCl Pond  before and after shrimps addition 
5.1.3.1   Turbidity Profiles (Monthly comparison after the treatment) 
Trials were conducted during the period February 2003 to December 2003. The pond 
turbidity profiles are shown in Figure 5.9 which shows the monthly comparison of 
turbidity profiles from February to December in 2003. The maximum turbidity recorded 
in November was above 3.15 NTU in the lower convective zone. The higher turbidity 
values are associated with high algae abundance. 
 
              Figure 5.9 Turbidity Profiles comparison of  NaCl  Pond  in 2003 
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As explained earlier, the shrimps survived in the pond for just eight months from 
February 2003 to September 2003. After the death of the shrimps, the shrimps trials were 
conducted again in the pond in December 2003. The data was taken in November before 
the shrimps addition when the turbidity was high as compared to the other months. The 
data was taken again after the shrimps addition. It can be seen in Figure 5.9, the turbidity 
after shrimps addition was nearly zero in the NCZ and LCZ. The turbidity was under 
control for the months of February to June 2003 when the shrimps were alive. The pond 
clarity was achieved using the natural method and hence thermal efficiency was 
improved. Generally the UCZ and LCZ regions have indicated high turbidities above 3 
NTU in November.  
The turbidity was higher again in November 2003 as shown in Figure 5.9. There was 
further turbidity reduction in April 2004. The heavy algal growth was observed because 
of rain and nutrients such as nitrogen and phosphorus. The algae grow faster in the 
nutrient rich environment. It was noticed that the turbidity was increased in February 
2004 after heavy rain.  
The maximum turbidity recorded on 4 February 2004 was 13.79 NTU (See Figure 5.10). 
The readings at depths immediately next to the pond bottom are discounted as they are 
affected by the presence of common salt crystals in the samples. It was noticed that the 
water sample from the level of 0.20 m, exhibited a yellow colour due to the presence of 
algae , bacteria and humic substances which shows very high turbidity values. The results 
indicate that the high turbidity in the pond was due to the high content of coloured organic 
compounds (TOC 18 mg/l). 
 
Figure 5.10 Turbidity Profiles  of  the NaCl Pond in 2004 
  88 
5.1.4   pH Profiles before and after Shrimps ( February 2003) 
Trials were conducted for natural treatment of pond transparency. The pH was taken 
before and after the shrimp addition to the pond. Figure 5.11 shows the pH profile before 
and after shrimp addition to the sodium chloride Pond. The pH was higher in the NCZ at 
close to 9 and at the bottom was approximately 8.5. The noticeable increment in the pH 
profile was ascribed to the shrimp application.  The pond clarity was improved using the 
natural treatment. 
 
Figure 5.11 pH profiles before and after shrimp addition in 2003 
The shrimps are mostly found in their natural habitat in a pH range between 7.8 and 8.2, 
which is often given as the optimum range. Some Artemia populations can be found in 
alkaline lakes, having a pH between 9 and 10 such as Mono lake, California, USA, Wadi 
Natrun , Egypt (www.fao.org/ DOCREP/003). According to the literature, the acceptable 
pH tolerance for shrimp ranges from 6.5 to 8. (McShan ,et al, 1974). 
5.1.4.1   pH Profile for 2002 
Figure 5.12 shows pH profiles for the pond. Between April, November and December 
2002, the pH was between 7 and 7.5. The pH in the upper region was slightly lower and 
in the Lower Convective Zone, the pH was slightly higher. However in May 2002 
onwards it is observed that the pH was steadily increasing mainly because of the higher 
pH of the incoming water.  The maximum pH observed in the NCZ region was 9.69.  
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Figure 5.12 pH Profiles Variations of RMIT SP in 2002 
 
5.1.4.2   pH profiles (Monthly comparison after the treatment) 
Figure 5.13 shows the monthly pH profiles for 2003.The lowest pH observed during the 
trial period was 6.3 in April 2003 and the maximum pH was 8.5, observed in November 
2004. The fluctuation in pH is attributed to the blue – green algae. When there were less 
algae the pH dropped. It has been observed that when pH is lowered from its naturally 
existing value such as pH 8.5, the mobility of Dunaliella Salina algae, which is a species 
commonly found in NaCl Pond will be reduced.  The process of how pH affects inorganic 
matters in the pond is quite complicated and depends on the chemical content of the pond.  
 
           Figure 5.13 pH Profiles of Sodium Chloride Pond in 2003 
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5.1.5   Dissolved Oxygen Profiles before and after shrimps (February 2003) 
The dissolved oxygen (DO) profiles obtained before and after shrimp addition are shown 
in Figure 5.14 and it can be seen that the addition of brine shrimps had an effect on 
dissolved oxygen. DO concentration was zero at the bottom of the pond before the 
shrimps were added, but after two weeks there was sudden increase in O2 which was 
approximately 2 milligrams per liter in the NCZ and LCZ. Often oxygen levels are higher 
at the surface than at the bottom especially when ponds are stratified. Oxygen levels also 
exhibit daily cycles. Concentrations are the lowest at dawn (algal respiration) and the 
highest in the afternoon (algal photosynthesis). If problems with oxygen are anticipated, 
measurements should be made at dawn. 
The amount of dissolved oxygen in water decreases with both temperature and salinity 
and because the stagnant waters of the gradient zone prevent the introduction  of large 
amounts of oxygen to the lower zone .It was observed after few months that when the 
pond water was clear the shrimp numbers reduced and after 8 months the shrimps could 
not survive in the sodium chloride pond because of oxygen depletion, the presence of 
heavy metals such as iron, zinc, arsenic and selenium and the presence of the poisonous 
filamentous algae (See chapter 4 Table 4.2). It was observed that the shrimps were 
turning red in colour and their movement was slow because of the low oxygen level.  
 
Figure 5.14 Dissolved oxygen profiles before and after shrimp addition 2003 
It can be concluded from the observations  that the colour and behaviour of the shrimps 
indicates when they are experiencing oxygen stress including when they turn red, swim 
slowly, start surfacing and growth is retarded. The oxygen stress usually results in poor 
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growth, reduced reproductive output and mortality.  
 
The results indicate that the acceptable range of oxygen level for brine shrimp survival in 
the pond is 2-3 parts per million (ppm). It is noteworthy that shrimps are not the only 
consumers of oxygen; bacteria, phytoplankton and zooplankton also consume large 
quantities of oxygen. 
The large amount of algae present in the pond is also a cause of oxygen depletion. With 
regard to oxygen, only concentration < 2 ppm can limit the production of biomass. 
Shrimps have the ability to adapt quickly to varying levels of oxygen by producing 
different haemoglobins with specific affinities for O2 (Decleir, et al., 1980).The amount of 
oxygen that can be dissolved in water decreases at higher temperatures. It decreases with 
increase in altitudes and salinities. 
5.1.5.1   Dissolved Oxygen profile for 2002 
Figure 5.15 shows the fluctuations in dissolved oxygen profiles for the months of 
October, November and December 2002. The DO level was zero in the lower convective 
zone for the months of November and December 2002. The oxygen level was again 
increased in the NCZ and LCZ in October 2002 and February 2003. This fluctuation was 
attributed to shrimp activity.  
When all the algae were eaten by the shrimps, the water clarity was improved and the 
oxygen level was increased.  The O2 is always zero at the bottom of the pond due to the 
heavy algal growth.  When the algae are abundant in the pond they consume large 
quantities of oxygen. Again in April the Oxygen was slightly increased to approximately 
2 ppm .     
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Figure 5.15 Dissolved Oxygen profiles of SP in 2002  
For optimal shrimp production, dissolved oxygen concentrations > 2 ppm are suggested.  
High levels of oxygen > 5 ppm will result in the production of pale animals possibly with 
a lower individual dry weight and which may therefore be less perceptible and attractive 
for the predators. (Platon., et al 1985). 
Their population density is very important for water clarity. The population depends on 
food availability, temperature and salinity 
As can be seen in Figure 5.16  the DO level was zero in the NCZ before the shrimp 
addition in Feb 2003, but after shrimp addition, the DO level was increased to 2 ppm 
because of the shrimps. 
 
                         Figure 5.16 Changes in DO profiles 2003 
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Figure 5.16 shows the oxygen profiles for 2003.The maximum oxygen level recorded in 
the upper convective zone was approximately 9 ppm in May 2003, and gradually 
decreased through the non convective zone. The increase was due to the improvement of 
water clarity because most of the algae were consumed by the shrimps. It was noticed that 
the shrimps were quite active and healthier in the UCZ and NCZ due to increase in the 
oxygen level in the pond. The maximum oxygen level at the bottom of the pond reached 
approximately 3 ppm which was good for shrimp survival. It can be concluded that the 
algae can be removed manually from the pond periodically for the maintenance of the 
pond. At the Bundoora ponds the algae were removed manually during February 2002 
and February 2003. 
5.1.6   Chemical analysis results 
Sodium chloride ( NaCl ) salt was replenished in the salt charger  of the Bundoora Solar 
Pond  at intermittent intervals 
5.1.6.1   Salt Concentration Profile (September 2002) 
 Figure 5.17 shows the salt concentration profile of the pond for September 2002. 
Concentrations of magnesium, potassium and calcium are plotted on the secondary 
horizontal axis in mg / l. It can be seen that the concentration of sodium throughout the 
pond varies almost linearly but the magnesium concentration varies much more. The 
highest concentration 4200 mg/l is at the bottom of the pond.  The concentrations of 
calcium (Ca) and potassium (K) were quite stable. (See Table 5.1). 
 
Figure 5.17 Salt Concentration Profiles for the Sodium Chloride Pond  
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All salt concentration results from various levels for the sodium chloride pond are 
presented in Table 5.1. As can be seen in Table 5.1 the highest concentration of sodium 
was 260,000 mg / l at the bottom of the pond. The highest concentration of magnesium 
was 1300 mg/l at the surface.  The concentration of sodium was high compared to the 
other salts because sodium chloride salt has been used in the pond. According to the water 
analysis results for the pond, the salt which was used contains of other salts. The 
concentration varied, because the main salt was sodium which has relatively high 
concentration.  
Salt concentration profiles, October 2002
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Figure 5.18 Salt Concentration Profile of NaCl pond 
Figures 5.18 and 5.19 show the salt concentration distribution in the pond.  The potassium 
chloride profile,calcium chloride and magnesium chloride profiles show similar trends. 
Sodium chloride had the highest concentration, measured 260 g / l at the bottom of the 
pond, because it was the main constituent. The total quantity of NaCl distributed in the 
pond was 888.4 g / l. Magnesium chloride concentration was not as high as sodium. The 
other salts including Calcium and Potassium have low concentration. (See Table 5.2, 
Figure 5.18). 
Figure 5.19 shows the percentage distribution of each salt in the pond. As can be seen in 
Figure 5.19 sodium chloride had the maximum percentage which was 96.44 % at the 
bottom and 30.20 % at the surface. Magnesium chloride at the surface was 17.60 %. 
Calcium chloride and potassium chloride were distributed in the pond with approximately 
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the same percentage. The sodium chloride salt which has been used in the pond was from 
the Pyramid Hill site.  
Table 5.1 Concentration of Salt Constituents of the Sodium Chloride Pond  
 No 
From 
water  
Surface  
(m) Na Mg Al P K Ca Fe Zn As Se 
1 0.11 3400.0 1300.0 65 130 680 510 480 25 4.9 8.2 
2 0.51 26000.0 1300.0 100 120 600 330 490 11 3.9 5.5 
3 0.91 59000.0 570.0 91 120 760 750 450 19 4.4 6 
4 1.31 100000 560.0 110 110 680 910 450 20 3.4 3.7 
5 1.91 220000 4200.0 85 120 830 1500 460 24 5.5 6.3 
6 2.11 220000 1200.0 96.00 130 680.00 1400 490 24 6.4 5.1 
7 2.31 260000 1100.0 240 130 700.00 1400 500 16 4.6 3.8 
 
Note: All results are in mg / l                                             Samples collected on September 2002 
 
Figure 5.19 Salt Concentration in the Sodium Chloride Pond in 2002 
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Table 5.2 Salt Concentration in the Sodium Chloride Pond 
 
 
No 
From 
water 
Surface 
(m) NaCl (g/l) MgCl2( g/l) CaCl2 (g/l) KCl ((g/l) Total NaCl % MgCl2 % CaCl2% KCl % 
1 
0.11 3.4 5.1 1.415 1.298 11.3 30.200 17.60 12.568 11.529 
2 
0.51 26.0 5.1 0.915 1.146 33.2 78.299 15.494 2.755 3.451 
3 
0.91 59.0 2.3 2.081 1.451 64.8 91.066 3.482 3.212 2.239 
4 
1.31 100 2.2 2.525 1.298 106.039 94.304 2.089 2.381 1.224 
5 
1.91 220 16.6 4.162 1.585 242.372 90.769 6.859 1.717 0.653 
6 
2.11 220 4.8 3.89 1.298 229.933 95.680 2.065 1.689 0.564 
7 
2.31 260 4.4 3.885 1.337 269.582 96.445 1.617 1.441 0.495 
 
Total salt 888.4 40.49700 18.868 9.413 
     
The salt concentration can be compared with the measured density profile as shown in 
Figure 5.20. It can be helpful to see how the salt concentration corresponds to the density 
profile. The sodium chloride profile is nearly linear with the density profile. Figure 5.20 
shows the linear relationship between the total salts and the density profile. The results 
indicate that total salt concentration corresponds well to the density profile. 
 
Figure 5.20 Relationship of Total amount of salt with density profile ( NaCl Pond)   
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5.1.6.2   Heavy Metals Concentration Profile  
The Samples were collected from 40 cm depth intervals for metal ion analysis.  The salt 
used in the investigation in the sodium chloride pond was from Pyramid Hill Pty Salt 
Limited in northern Victoria. Metal ion concentration profiles are shown in Figure 5.21. 
The heavy metal analysis information helps to analyze the sources of turbidity in solar 
ponds, and also to examine their influence on shrimp survival.  The results showed that 
the samples contained an excessive amount of iron 510 mg / l, aluminum 110 mg / l , zinc 
24  and  phosphorus 130 mg / l respectively. The heavy metal analysis results are 
presented in Table 5.1. 
 
  Figure  5.21 Heavy metal concentrations Profile of NaCl Pond in 2002 
 The heavy metals can affect the water turbidity by causing coloring of the water due to 
compounds, such as hydrated metal oxides. In addition  organic compounds derived from 
decaying vegetation in the pond can cause the water to become brownish.  
The maximum quantities of Arsenic and Selenium are 8.2 mg/l and 5.5 mg/l respectively. 
Both are distributed in the system in the same way.  It has been suggested in the literature 
that high concentrations of heavy metal ions such as Cu++. , Pb++ and Zn++ might limit 
development of microorganisms in such places as the Dead Sea. It was noted in August 
2002 that the water had pungent smell at 2.11 m from the surface of the solar pond. 
Samples were taken for water analysis. The results indicate that this pungent smell was 
due to sulphur. The concentration of iron is 0.14 mg / l.  The analysis of incoming or 
mains water gives an indication of the quantity of each element is present in the water 
which was used for surface washing. Analysis of incoming water at Bundoora for 
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surfacing washing is shown in Table 5.3. 
 
Table 5.3 Chemical Analysis of incoming water at RMIT Bundoora Campus 
Element Na+ K+ Ca++ Mg++ Cl- Al+ Fe+ Cu+ Sr++ 
Concentration      
(mg / l) 
9.6 1.2 13 2 24 0.25 0.14 0.06 0.04 
 
    Table 5.4 Metal Analysis of Sodium Chloride Pond in 2005 
 
sampling point 
 
 
Height ( m) 
 
P 
 
Cr 
 
Ni 
 
Cu 
 
Sr 
 
Pb 
 
Water Surface 
 
0.03 
 
160 
 
40 
 
27 
 
34 
 
2.5 
 
23 
 
Centre 
 
1.13 
 
190 
 
78 
 
22 
 
120 
 
4 
 
84 
 
Bottom 
 
2.26 
 
180 
 
32 
 
5.9 
 
24 
 
1.9 
 
100 
        All results are in mg / l 
In March 2005 during sampling, it was noted that the water colour in the non convective 
zone and lower convective zone was light brown or coffee colour. It was also observed 
that shrimps movement was only at the surface and the upper part on the non- convective 
zone. To investigate the water colour and shrimp movements, samples were taken for 
chemical analysis from three different levels such as the surface, middle and bottom of 
the pond.  
 The purpose of conducting metal analysis was to identify the influence of metals on the 
pond clarity and on the shrimp mortality. The results are shown in Table 5.4. It is seen 
that the concentrations of nickel and strontium at the surface were 27 mg/l and 2.5 mg/l. 
The lowest concentration of strontium at the bottom was 1.9 mg/l.  It was noticed that 
some of these metals impair the clarity of solar ponds depending on the toxicity of the 
metal (See Table 5.4). 
The results indicate that the concentrations of selenium, arsenic, iron, lead, chromium and 
zinc had some toxic affects on shrimps. It was observed in the NCZ and LCZ that the 
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water colour was light brown or tea coloured. This was ascribed to the iron which had 
high content throughout the pond. The water is clear when drawn but turns cloudy when it 
comes in contact with air. 
The organic materials complexed with the iron are called tannins. These organics cause 
the water to have a weak tea or coffee colour.  Lead is a highly toxic metal according to 
the US EPA (Ref: Alpha USA systems). The allowable level of lead in drinking water is 
0.05 mg / l.  The lead found in NaCl pond is 23- 100 mg / l. which seem to be high for 
shrimp survival in the pond. Strontium (Sr) is the same family as calcium and magnesium, 
and is one of the polyvalent earth metals that exhibit hardness qualities in the water. It is 
found in natural water supplies in very low concentration .The maximum concentration 
found in the sodium chloride pond was 2.5 mg / l while the incoming water at Bundoora 
contained 0.04 mg / l (See Table 5.3).  
Figure 5.22 shows the distribution of heavy metals in the pond. It is seen that strontium 
has the lowest concentration and the second lowest metal concentration is nickel. The 
other metals such as copper and chromium have a similar profile. 
 
   Figure 5.22 Metal Concentration Profile of NaCl Pond in 2005  
The results have indicated that heavy metals have great impact on shrimp survival. It is 
necessary to know the sources of heavy metals and their maximum contaminant level for 
the purpose of shrimp survival. Heavy metals are iron (Fe), zinc (Zn), arsenic (As), 
selenium (Se), aluminium (Al), lead ( Pb), strontium (Sr). copper (Cu) and nickel (Ni)  
(See Table 5.1 and 5.4). 
Some heavy metals are characterised as toxic heavy metals including arsenic, lead, 
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mercury, cadmium, iron and aluminium. On the basis of the heavy metals results, it can 
be concluded that the salt and bittern which were used in the sodium chloride and 
magnesium chloride ponds were contaminated with heavy metals. 
5.1.7   Optical Microscopic Observation 
In order to establish the cause of turbidity in the solar pond, an Olympus optical 
microscope has been used and before starting the natural treatment, some optical 
observations were carried out. Various types of algae and microorganisms were identified 
by the microscopic analysis. Photographs were taken under different magnifications 
(magnification × 40). 
It has been found that Blue- green algae (Phormidium)), Chlorophyta (Anabaena), 
Desmids (Cosmarium), Diatoms (Amphora), Dinoflagellates (Euglena) and Filamentous 
(Oedogonium) inhabit RMIT solar ponds. The bacteria and algae found in the ponds are 
listed in chapter 4 Table 4.2.  
 
Figure  (a) Blue green algae (Phormidium) 
 
Figure (b) Blue–green algae (Cosmarium) 
 
Figure (c ) Blue green algae 
  101 
The presence of abundant algae will create instability in the pond as they absorb light and 
create regions of high temperature gradient. Efficiency will also be affected as less light 
penetrates to the bottom of the pond. Some algal species such as blue green and 
filamentous algae are unsuitable as a diet for shrimp as a consequence of characteristics 
other than the nutritional composition such as indigestible thick cell walls, production of 
gelatinous substances or secretion of toxic components (Agostino., 1980., Sick, L. V., 
1976). The compounds can kill shrimps. 
Blue-green algae make their own food through photosynthesis. This process uses light, 
oxygen and nutrients in the water to make sugars, which are needed for growth and cell 
division of cyanobacteria. The rate of cell division increases in warmer water, which is 
why blooms often occur in summer when the water temperature is higher. Blue- green 
algal scums form when large numbers of algae float to the water surface. Scrums are often 
green or blue green but can also be white, brown or red (Mitrovic.,1997).  Diatoms are 
usually brown or yellow in colour and mostly floating. Flagellates can swim 
independently and large numbers can affect the taste and odour of water. 
 
5.2  Characterization of Magnesium Chloride Solar Pond 2 
This section describes the experimental results obtained through measurements for  
physical, chemical and biological characterization of the magnesium chloride solar pond 
2.This chapter further describes various different measured profile obtained before and 
after the chemical treatment by using hydrochloric acid. In this magnesium chloride pond 
ddiluted hydrochloric acid was added for water clarity (The experimental arrangement is 
shown in Figure 3.24 and 3.25). The method is discussed in detail in chapter 3 (Section 
3.6.2). The data were taken before and after the addition of acid and included density 
profile, temperature profile, turbidity, pH and dissolved oxygen profile. 
5.2.1   Physical measurements 
This section contains experimental results obtained during chemical treatment. The results 
have been presented in graphs and tables to analyze the effectiveness of the treatment 
method and pond performance. A discussion of the profiles  is given in the following 
section.  
5.2.1.1   Turbidity Profiles before and after acid addition (2006) 
Figure 5.23 shows the changes of turbidity profiles due to acid addition. It can be seen 
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that the turbidity of the pond decreased significantly after acid addition especially in the 
UCZ with all values reaching zero NTU and  LCZ regions, which would result in an 
improvement in the water clarity and thermal performance. But higher turbidities were 
still observed in the LCZ regions. It is clear from the comparative turbidity profiles that 
chemical treatment was effective in reducing the turbidity values. 
 
Figure 5.23 Turbidity Profiles before and after acid addition to the MgCl2 Pond  
 
Figure 5.24 Turbidity Profiles of the MgCl2 Pond 
Figure 5.24 shows the turbidity profiles for September, October and December 2003. It 
was observed generally that the UCZ and LCZ have shown low turbidities compared to 
the NCZ.  Maximum turbidity observed in the trial period was 15.74 NTU and was in 
October 2003 due to the heavy algal growth.The lowest turbidity in the LCZ was recorded 
in October which was zero to 1.98 at the bottom of the pond.  
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5.2.2   pH Profiles before and after acid addition  
Figure 5.25 shows the pH profiles before and after acid addition. It can be seen that the 
addition of hydrochloric acid modified the pH. There was an abrupt reduction in the pH 
values in the Upper Convective Zone and the Lower Convective Zone. The pH before 
acid addition was 6 and was reduced afterwards to 5.5. It was noticed that algal growth 
was reduced after the acid addition.. 
The results showed that acidification using HCl was the best technique for controlling 
organic substances and pond clarity. pH measurement is important for clarity monitoring, 
because the pH level of pond brine is relevant for both the biological and the chemical 
processes which affect brine clarity. It was observed at the Bundoora pond that the pH 
level has a strong effect on pond clarity. Experience with the Bundoora solar pond 
showed that algae growth can be successfully inhibited by occasional addition of 
hydrochloric acid and maintaining a pH around 5. 
pH profiles
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Figure 5.25 pH profiles before and after acid addition to the  MgCl2 pond 
 It was noticed that pond clarity was improved and that algal blooms were found in the 
pond when the pH was between 6 and 8. Algal growth was successful inhibited by the 
addition of hydrochloric acid into pond strata above the lower zone in Laverton solar 
pond, so as to maintain pH less than 5 and usually around 4. It was observed from the 
experimental study of El Paso solar pond that pH values should be kept below 4.5 for low 
turbidity. 
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5.2.2.1   pH comparison for 2003 
Trials were conducted during the period September 2002 to October 2003.  Figure 5.26 
shows the pH profile for the pond. Figure 5.26 shows that the pH in October and 
December 2003, was above 9, indicating that the water was alkaline in the upper 
convective zone. The pH decreased gradually through the non convective and lower 
convective zone. 
 
Figure 5.26 pH Profiles for the Magnesium Chloride Pond in 2003 
The pH at the LCZ was 6.  It was noticed that pH at the surface was higher because of the 
higher pH of the incoming water. The maximum pH observed in the upper convective 
zone was 9.3.  The pH level influences the growth of both algae and brine shrimp.  
5.2.3   Density Profile comparison 2003 
The density profile gives the best information about the location of zone boundaries, 
because the density boundaries exhibit much smaller short term fluctuations than the 
temperature boundaries. From Figure 5.27, it is observed that the UCZ thickness has been 
constant at approximately 0.25 m. The thickness of the LCZ over the trial period varied. 
Figure 5.27 shows that in September 2002, the thickness of the LCZ increased to 0.65 m. 
This was due to the fact that the salt charger was kept full of salt and it has its opening 
about 0.8 m from the pond bottom. The lowest density observed in December 2003 was 
1290.6 Kg / m3. The maximum density reading recorded was 1304.2 Kg / m3 in 
September 2002.  
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Figure 5.27 Density profile Comparisons for the Magnesium Chloride Pond  
5.2.4   Temperature Profile 2003 
Trials were conducted during the period September 2002 to December 2003.  Figure 5.28 
shows the variation of the pond temperature with pond depth. The temperature of the 
NCZ of the pond reached a maximum of 71.8 OC in December 2003. It was noticed that 
there was a big temperature variation from 71.8 to 56 OC in the top of LCZ to bottom of 
LCZ, some of this can be attributed to the heat loss to the ground. The shrimps were 
tested in the pond in November 2003. It was observed that most of the algae were 
consumed by the shrimps. When there was not much algae present in the pond, the 
maximum amount of radiation was absorbed at the bottom of the pond. For this reason the 
December profile shows temperature increase in the NCZ and LCZ. 
 
Figure  5.28 Pond Temperature Profile for the Magnesium Chloride Pond     
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 It was noticed that the clarity of the pond was improved after the addition of shrimps, but 
the consequent higher temperature had strong influence on the shrimp survival rate. 
Because of the higher temperature in the NCZ, the shrimps could not survive in the pond.  
5.2.5   Chemical analysis results 
Samples were taken from various depths of the pond for chemical analysis. Table 5.5 
shows the results of salt concentrations in the magnesium chloride pond. 
5.2.5.1   Salt Concentration Profile  
 Figure 5.29 shows the various salt concentration profiles for the pond and shows the 
distribution of each salt in the pond. The concentration of magnesium chloride was very 
high and has a close to linear profile, because bittern has been used in this pond. Bittern is 
a mixture of various salts, but the main constituent is magnesium chloride. The maximum 
concentration of magnesium chloride measured was 135 g/l at the bottom of the pond. 
Potassium chloride had high concentration at the bottom of the pond. Sodium chloride 
and potassium chloride were distributed in the pond in similar patterns. The results are 
presented in Table 5.7. 
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Figure  5.29 Salt concentrations Profile 
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Table  5.5  Concentration of Salt Constituents for the Magnesium Chloride Pond  
No  
From pond 
base ( m) Na Mg Al P K Ca Fe Zn As Se 
1 1.80 3300.0 17000.0 110.0 120 1100 750 540 73 4.7 7.7 
2 1.60 3000.0 23000.0 84.0 120 1200.0 450 540 20 6.3 7.8 
3 1.20 6200.0 70000.0 100 120 2300.0 980 550 24 10 14 
4 0.90 5100.0 110000.0 170 170 130.0 4900 570 25 4.1 8.6 
5 0.40 11000.0 130000.0 220 130 4700.0 860 640 50 12 24 
6 0.05 94000.0 135000.0 100.00 150 37000.0 1400 640 76 10 21 
 
All results are in mg / l       Samples collected on 24 Oct 2002 
The results indicate that the bittern which was used in this pond was contaminated with an 
excessive amount of heavy metals such as iron, zinc, arsenic and selenium. It was noticed 
that water clarity of pond was probably related to the chemical composition of the salt. 
Potassium chloride and calcium chloride are plotted on the secondary horizontal axis. 
Table 5.6 Heavy Metal  Analysis for the Magnesium Chloride Pond 
 
 
Height ( m) 
 
P 
 
Cr 
 
Ni 
 
Cu 
 
Sr 
 
Pb 
 
Water 
Surface 
 
 
1.8 
 
 
170 
 
 
18 12 74 4.2 84 
 
Centre 
 
0.9 
 
180 
 
20 32 80 5.7 130 
 
Bottom 
 
0.05 
 
190 
 
43 17 32 2.4 53 
          All results are in mg / l          Samples collected on 12 /08 / 2005                         
The heavy metals results in 2005 are presented in Table 5.6. These metals were detected 
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at three levels of the pond. Nickel and strontium had low concentration. Copper and lead 
had high levels at 0.9 m. The phosphorus content was high throughout the pond. It 
appears that this amount of phosphorus was leached from dead algae and leaves. In order 
to maintain good transparency in the pond, it is important to minimize the amount of 
available phosphorus. Figure 5.30 shows the concentration profiles of various salts. Na, 
Mg, K, Ca and Al. The results are presented in Table 5.5 
 
     Figure 5.30 Salt concentration Profiles for the Magnesium Chloride Pond  
5.2.5.2   Heavy metal concentration Profile (September 2002) 
Figure 5.31 shows the heavy metal concentration profile in the magnesium chloride pond 
for September 2002. It is seen that zinc, selenium and arsenic have the same profiles. It 
was observed that as the concentration of Se increases in the NCZ, turbidity also 
increases. It is also noted that the concentrations of arsenic, zinc and selenium increased 
in the non convective zone. It can be concluded that the higher turbidity could be caused 
by the heavy metals and due to the oxidation of iron which adds red color to the water 
increasing the turbidity of the pond  
 On the basis of these results, it is clear that heavy metals have great influence on the 
turbidity and pH of the pond. It can be seen that Arsenic and Selenium  have similar 
profiles  and iron content has high concentration maximum 640 mg/l at the bottom of the 
pond (See Figure 5.31).  
In March 2005 during sampling, it was noted that the water colour in the non convective 
zone and lower convective zone was dark brown. It was also observed that shrimps 
movement was only at the surface and the upper part on the non- convective zone. To 
investigate the organic colour and shrimp movements, samples were taken for chemical 
analysis from three different levels such as the surface, middle and bottom of the pond.  
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However, the metal concentrations were measured at various levels in another 
investigation which is clearly shown in Figure 5.31. 
 
Figure 5.32 shows the profiles of some metals including Cu P, Pb, Ni and Sr. It is 
observed that the phosphorus profile is linear but lead and copper had higher 
concentration in the NCZ and the turbidity was also higher in 
NCZ.
 
Figure 5.31 Heavy metal concentration profiles (September 2002) 
 
Figure 5.32 Metal Concentration Profiles for the MgCl2 Pond 2005   
Figure 5.33 shows the heavy metal concentration profiles plotted with pond temperature 
and density profiles. The maximum density reached at the bottom of the ponds was 1300 
kg/ m3. It is observed that when the temperature increased in the NCZ, lead and copper 
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concentrations also increased in the NCZ and gradually decreased in the LCZ. The 
density increased in the NCZ and LCZ compared to the data for other months. The 
maximum temperature reached at the bottom of the pond in 2005 was approximately 60 
OC. Previously the maximum temperature reached was 71.3 OC in 2003 when the 
chemical treatment was started. All metals concentrations and pond temperature are 
plotted on the  secondary horizontal axis. The density profile is plotted on the x- axis. 
 
Figure 5.33 Relationship of heavy metals with Temperature and density Profile  
 
Figure 5.34 Salt distributions in the Magnesium Chloride Pond in 2002 
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Table 5.7 Salt Concentration of Magnesium Chloride Pond (2002) 
 
Figures 5.34 and 5.35 show the distribution of salts at various depths of the pond. (See 
Table 5.7). In these profiles, magnesium chloride has the highest concentration 
throughout the pond because bittern is being used in this pond and is the main constituent. 
The plots indicate that this profile can be related to the density profile, because they have 
similar trends. Calcium chloride is also distributed in the same way but lower in 
concentration. It is observed the turbidity is higher in the NCZ and gradually decreases in 
the LCZ ( See Figure 5.34). The pH is higher at the surface and lower at the bottom of 
the pond. It is noticed that the salt concentration influenced the turbidity. The turbidity 
decreased in the NCZ and LCZ ( See Table 5.7). All salt concentration profiles are 
plotted on the secondary horizontal axis. 
 
Figure 5.35 Salt concentration profile 2002 
Sample From Pond Nacl MgCl2 CaCl2 KCl Sample Density Turbidity 
No Surface ( m) ( g/l ) ( g/ l ) ( g/ l ) ( g/ l )   (kg/ m3 ) (NTU) 
1 
 
1.80 8.321 17 2.062 2.087 1017.4 0.26 
2 
 
1.60 7.565 23 1.237 2.276 1036.0 0 
3 
 
1.20 15.634 70 2.695 4.364 1138.9 2.88 
4 
 
0.90 12.86 110.00 2.475 0.246 1212.3 5.74 
5 
 
0.40 27.739 130 2.365 8.917 1297.0 2.64 
6 
 
0.05 28.54 135.000 3.850 70.205 1304.9 2.43 
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Figure 5.36 Relationship of Salt concentration with Density profile in 2002 
Table 5.8 shows the results for salt concentrations at various levels. The concentration of 
total salt was higher at the bottom of the pond and was 900 g/l. Figure 5.36 shows the 
relationship between the total salt concentration in g / l and the density of the pond.  It can 
be seen that the salt concentration profile corresponds very well to the density profile. It is 
a linear profile which shows good agreement between the total salt and the density of the 
pond. 
 
Figure 5.37 Salt Distributions (%) in the Magnesium Chloride Pond in 2002 
Figure 5.37 shows the percentage of each salt distributed in the system. The maximum 
percentage of magnesium chloride was 85 %. This is the major salt in the pond because 
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this pond is made using bittern. The maximum percentage of sodium chloride was 26.54 
at the bottom of the pond. CaCl2 % and KCl % are plotted on the secondary horizontal 
axis. NaCl % and MgCl2 % are plotted on the x- axis. 
   Table 5.8 Salt Concentration % of the Magnesium Chloride Pond (2002) 
 
From pond surface (m) NaCl % MgCl2 % CaCl2 % KCl % Total Total  salt (g / l) 
1.80 10.52 65 2.60 2.64 100 79.055 
1.60 7.47 64 1.22 2.25 100 101.166 
1.20 5.26 65 0.90 1.47 100 296.86 
0.90 2.64 75 0.50 0.05 100 485.582 
0.40 4.16 85 0.35 1.33 100 700 
0.05 26.54 85 0.42 7.79 100 900.64 
5.2.6   Optical Microscopic Observation 
Algal and microbial growth are common to all salt gradient solar ponds (Hull et al., 
1988). 
In order to establish the cause of turbidity in the solar pond, some optical observations 
have been carried out using an Olympus optical microscope .Various types of algae and 
microorganisms were identified in the magnesium chloride pond as shown in Table 5.9.  
Table 5.9 Microscopic analysis results 
 
Sampling  Point 
 
RMIT magnesium chloride pond 
Water surface Blue green algae (Cyanobacteria), Filamentous, Cosmarium 
Below water surface Stigeoclonium 
Bottom of the pond 
  Amphora, Oedogonium ,  Phormidium 
Claymydomonas,  Euglena 
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             A  Drawing of Euglena                                    B. Chlamydomonas 
Filamentous algae are single cells that form long chains, threads, or filaments. They float 
on the water surface like a mat. These algae grow quickly and it’s important to remove 
physically floating mats from the surface of the pond. The presence of abundant algae 
will create instability in the pond as they absorb light. Blue-green algae make their own 
food through photosynthesis. This process uses light, oxygen and nutrients in the water to 
make sugars, which are needed for growth and cell division of cyanobacteria.  
The rate of cell division increases in warmer water, which is why blooms often occur in 
summer when the water temperature is higher. Euglena are unicellular organisms and are 
called flagellates Chlamydomonas is a single celled plant and it is called an alga which is 
found in still, stagnant water ( Shown in Figure A and B). 
5.3  Characterization of the Pyramid Hill Solar Pond 3 
This section describes the experimental results obtained through measurements for 
physical, chemical and biological characterization of the Pyramid Hill solar Pond 3 and 
includes a discussion of each measured profile. Graphs have been plotted to analyze the 
effectiveness of the treatment methods and pond performance. Brine shrimps were used in 
this pond as a natural treatment for water clarity. 
5.3.1   Physical Measurements 
Physical measurements for the pond have been carried out and corresponding profiles of 
density, temperature, turbidity and pH have been plotted.  Discussion of these parameters 
is presented in the following section.  
5.3.1.1   Density Profile  
Figure 5.38 shows the density profiles for 2002. Trials were conducted during the period 
May 2002 to October 2002. The thickness of the UCZ over the trial period varied. The 
thickness varied from 0.8m in August 2002 to 0.9 m in October 2002. The increased 
thickness of the UCZ is ascribed to the strong winds at the site. The lowest density 
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observed during the trial period was 1033.6 Kg/m3 in October 2002. Density in the LCZ 
has been maintained at between 1217.3 Kg/m3 to 1222 Kg/m3 throughout the period. The 
maximum density reading recorded was in May at 1228.8 Kg/.m3. It is observed from the 
graphs, that the LCZ thickness varied between 0.4 and 0.8 m. 
 
Figure 5.38 Density Profiles for the Pyramid Hill Solar Pond  
5.3.1.2   Temperature Profile  
Figure 5.39 shows the temperature profiles for 2002. The temperature levels increased 
after natural treatment as shown in Figure 5.39. The temperature of the pond reached a 
maximum of approximately 53.5 O C in October 2002. September to October is the period 
when pond temperatures are comparatively high. Similarly during the months of winter 
including July and August, the pond temperatures are comparatively low.  
 
Figure 5.39 Temperature Profile Comparisons for the Pyramid Hill Solar Pond   
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5.3.1.3   Turbidity Profile  
Trials were conducted during the period May 2002 to October 2002. The pond turbidity 
profile is shown in Figure 5.40. Generally the LCZ and half of the NCZ region have 
indicated high turbidities which were above 5 NTU. The lower turbidities are observed in 
the UCZ region.  Maximum turbidity observed in the trial period was 12.39 NTU in 
October 2002. The readings at depths immediately next to the pond bottom are discounted 
as they are affected by the presence of common salt crystals in the samples. The lowest 
turbidity was recorded in September 2002. The turbidity has great impact on the water 
clarity. It was also observed that the pond clarity was improved particularly in and near to 
the UCZ.  
 
Figure 5.40 Turbidity Profiles for the Pyramid Hill Solar Pond 
The pond clarity was achieved by using the natural method; that is by the use of brine 
shrimps.  
5.3.1.4   pH Profile  
Trials were conducted during the period May 2002 to October 2002. The pond pH profile 
is shown in Figure 5.41. Between August 2002 and October 2002, the pH was in the 
range of 6.2 to 7.2. The pH has varied both from top to bottom and over the different 
trials.  The lowest pH observed during the trial period was 6.2 in August and the 
maximum pH observed was 8.49 in October 2002. The pH level influenced the growth of 
both algae and brine shrimps in the pond. Both generally thrive on slightly higher pH 
levels of 8.5 to 9. 
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Figure 5.41 Comparison of pH Profiles for the Pyramid Hill Solar Pond 
5.3.1.5   Dissolved Oxygen Profile  
The dissolved oxygen profile was taken in October 2002. The profile is shown in Figure 
5.42. The maximum dissolved oxygen was 0.5 ppm in the LCZ in October. The presence 
of abundant algae creates instability in the pond as it absorbs light and creates regions of 
high temperature gradient. The dissolved oxygen influenced the growth of brine shrimps 
and algae in the pond. It was observed that the pond clarity was improved because most 
of the algae were consumed by the brine shrimps and therefore the oxygen level increased 
in the lower convective zone.  
 
Figure 5.42 Dissolved Oxygen Profile 
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5.3.2   Chemical analysis results 
Chemical analysis of pond samples from various depths was carried out in August 2002 
5.3.2.1   Salt Concentration Profile  
Figure 5.43 shows the variation of the salt concentration over pond depth, from chemical 
analysis of pond samples from various depths carried out in August 2002. It was observed 
that sodium has higher concentration than magnesium because sodium chloride was the 
major salt used in this pond. The maximum concentration of sodium was 110,000 ppm or 
mg/l (See Table 5.10). It is observed that potassium and calcium have similar profiles. In 
Pyramid Hill solar pond, sodium chloride salt and bittern are added in the salt charger as 
well as water flushing at the surface of the pond.  
The variation of the salt concentration is related to the combination of salt and bittern 
which are added to the pond. Bittern is a by product of sea water and a mixture of various 
salts, but the major constituent is magnesium. 
 
Figure 5.43 Salt concentration profile in August 2002 
Figure 5.44 shows the variation of the salt concentration over pond depth in July 2002. It 
can be seen that sodium and calcium have similar profile because this pond is made of salt 
and bittern (See Appendix B.1). 
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Table 5.10 Salt Concentration of Pyramid Hill pond  
 Salt Constituents in mg / l   Location : Pyramid Hill  ( 22/ 08 2002) 
Height from base ( m) 
 
Na K Ca Mg 
2.20 93,000 630 5000 14000 
2.10 110,000 770 6000 17000 
2.00 12000 640 850 1700 
1.90 20000 560 1000 250 
1.80 14000 650 920 1900 
1.70 120,000 600 6000 18000 
1.60 26000 510 1300 3300 
1.50 130,000 1700 6000 19000 
1.40 130,000 770 5400 19000 
1.30 62000 540 960 10,000 
1.20 6200 2800 4900 90000 
1.10 650000 1900 4100 110000 
1.00 650000 2500 3600 140000 
0.90 650000 3100 3000 160000 
0.80 650000 1800 1700 110000 
0.70 99000 3400 2500 180000 
0.60 998000 3700 2300 200000 
0.50 995000 4700 2300 270000 
0.40 995000 1300 460 22000 
0.30 100,000 4400 2000 230000 
0.20 100,000 4500 2200 250000 
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                       Figure 5.44 Salt Concentration Profile in July 2002 
5.3.2.2   Chemical analysis of bittern  
Chemical analysis of bittern and bore water was carried out in February 2002, after bittern 
had been added to the bottom of the pond to increase the thickness of the lower 
convective zone. A chemical analysis of the bittern used at the Pyramid Hill solar pond  
and RMIT Magnesium chloride solar pond indicates the following major constituent 
concentrations in mg/l ( See Table 5.11) . The chemical analysis results has indicated that 
the salt and bittern used in the pond were contaminated with heavy metals such as arsenic, 
cadmium, copper, zinc and selenium. Salt concentration also affects the clarity of the 
pond. 
Table 5.11  Chemical analysis of bore water and bittern  (Pyramid Hill Site) 
Location  Pyramid Hill Water from bore Bittern 
Elements Chemical  composition (mg/l) 
Sodium 26,000 10,000 
Magnesium 2800 140,000 
Calcium 800 1700 
Potassium 560 3000 
Bromide 1500 5500 
Chloride 45,000 150,000 
Sulphate 4,500 38000 
Carbonate Alkalinity 0.08 320 
Total Organic Carbon 342 400 
Iron 480 640 
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5.3.2.3   Heavy Metal profile 
The Samples were collected from 20 cm intervals for metal ion analysis.  The metal ion 
concentrations profile, turbidity and pH profiles are shown in Figure 5.45. Turbidity, pH 
and selenium profiles are plotted on the secondary horizontal axis. This figure explains 
some effects of heavy metals on the turbidity of the pond. It can be seen that selenium has 
concentration variations throughout the pond. The maximum concentration recorded was 
22 mg /l in the lower convective zone.  Phosphorus content was also higher in the pond. 
Zinc was highest at the surface and decreased in the non convective and lower convective 
zone. Concentration of arsenic was lower in the upper convective and non convective 
zones. The lowest pH recorded was at the bottom of the pond. (See Figure 5.45). 
 
Figure 5.45 Heavy metal concentration profile August 2002 
The turbidity was zero in the upper convective zone and gradually increased in the NCZ 
and LCZ. The highest turbidity was recorded at the bottom of the pond. As can be seen in 
Figure 5.45, when the concentration of selenium increases the turbidity also increases in 
the NCZ and LCZ. The increasing trend of selenium can be seen to influence the turbidity 
profile.  It can be seen that pH is higher in the upper convective zone and lower in the 
LCZ. It was observed that as the selenium concentration increases the pH falls and that 
selenium has some effect on both the turbidity and pH of the pond. Water clarity is 
affected by the chemical composition of the water in the pond. The results showed that 
high concentration of selenium and arsenic had some toxic effect on the shrimp. (See 
Table 5.12). 
  122 
Table 5.12 Heavy Metals Analysis for the Pyramid Hill Pond August 2002 
Height from pond base(m) Zn P As Se 
2.20 74 120 6.3 3.2 
2.10 66 100 4.6 5.4 
2.00 60 110 2.3 3.7 
1.90 48 120 2.2 4.5 
1.80 53 110 2.1 3.6 
1.70 14 150 3.1 3.7 
1.60 12 110 2.2 4 
1.50 13 110 2.3 6.7 
1.40 16 130 4.4 8 
1.30 13 120 2.9 3.4 
1.20 32 140 7.1 8.9 
1.10 26 110 9.7 10 
1.00 26 100 10 15 
0.90 12 120 11 12 
0.80 11 110 8.5 9.8 
0.70 14 110 13 15 
0.60 28 130 14 19 
0.50 13 130 15 22 
0.40 15 120 2.8 4.6 
0.30 13 130 14 21 
0.20 14 120 14 17 
All results are in mg / l. 
 
Figure 5.46 Ion concentration profile for the Pyramid Hill Solar Pond  
Figure 5.46 shows the variation with depth of turbidity, sulphate, nitrate and iron. The 
highest concentration of sulphate recorded was 570 mg /l in October 2002. Sulphate 
occurs in almost all natural water. It is one of the major dissolved constituents in rain 
water and it is an essential plant nutrient. When sulphate is less than 0.5 mg/L, algal 
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growth will not occur When bacteria attack sulphates are reduced, causing hydrogen 
sulphide gas (H2S) to form. It was observed that the colour of the pond water at the level 
of 1.10 m was dark brown and there was strong odour. Figure 5.47 shows the 
concentrations of SO4, NO3 and bromide in August 2002. The results indicate that the 
colour of water was due to the high concentration of bromide (149 mg/l) specifically in 
the NCZ and LCZ. Sulphate and nitrate were measure by using a portable Smart 
Spectrophotometer. The highest concentration of sulphate recorded was 316 mg /l in 
August 2002 in the LCZ. 
 
Figure 5.47 Nutrients profile in 2002 
Water samples from the lower levels of the pond also had a strong odour of hydrogen 
sulphide (H2S) gas after standing for some days. This was probably caused by anoxic 
conditions. The relatively high bromide and iodide concentrations (see Figure 5.48) were 
probably caused by the presence of these elements in the crystallised salt added to the 
pond through the salt charger, and or redox reactions at the 0.45 m depth of the pond. . 
Figure 5.48 shows the metal content of the pond in 2002.The maximum concentrations of 
bromide and iodide recorded were 1200 ppm and 330 ppm or mg /l at the level of 0.60 m 
and 1.80 m. From the results of chemical analysis of bittern (Table 5.11) of pond 
samples, it was concluded that turbidity in the pond was caused by the high content of 
bromide, iodide and strontium in 2002 which affected the clarity of solar pond. (See 
Table 5.13).  
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Figure 5.48 Metal Concentration profiles in 2002 
Figure 5.49 shows the concentrations of B, Br, I, Sr and Fe along with the turbidity 
profile. It can be seen that the concentrations of iodide and strontium were highest at the 
same level in the non convective zone. The turbidity was also high at the same level. This 
indicates that turbidity is probably related to iodide and strontium. The results indicate 
that the high turbidity values were caused by the impurities which were present in the salt 
and bittern. The chemical analysis results are presented in Table 5.14. 
 
Figure 5.49 Metal Concentration Profiles September 2001 
Figure 5.50 shows the salt concentration profile in September 2003. It can be seen that the 
sodium chloride had maximum concentration at a level of 1.5 m (See Appendix B.2).  In 
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this pond sodium chloride and bittern were both used for the salinity gradient.  
 
                           Figure 5.50 Salt Concentration Profiles September 2003 
 
                       Figure 5.51 Nutrient Profiles February 2003 
Figure 5.51 shows the nutrient profile for 2003 and Figure 5.52 shows the nutrient 
profiles next to the turbidity profile. It can be seen in Figure 5.51 that sulphate has high 
concentration throughout  the pond. The results indicate that high turbidity in the pond 
was caused by the high concentration of nutrient content.  Some precious metals have 
been identified during the chemical analysis including silver, gold and uranium. Figure 
5.53 shows the variation of the precious metal concentration with pond depth. The 
maximum concentration of silver (Ag) recorded was 23 mg / l and gold (Au) 12 mg / l 
respectively. It was observed that the minerals derive from the bore water. 
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Figure 5.52 Nutrient profile Comparison with Turbidity  
Silver is a white, precious metallic element found in natural water supplies. Silver has no 
evidence of carcinogenicity. Silver has a suggested level of 0.1 mg / l under the US EPA 
Secondary Drinking Water Standards. Phosphorus content was also high; the maximum 
concentration was 160 mg/ l at 0.2 m depth.   
 
Figure 5.53 Metal Profile for the Pyramid Hill Solar Pond 
5.4              Evaluation of Treatment Methods (Comparative analysis) 
After data are collected, data analysis is a most important step to providing information 
needed for understanding and monitoring the processes in solar ponds. Chemical and 
biological methods were employed in three different ponds for clarity improvement and 
maintenance. The natural treatment by using brine shrimps was employed in the sodium 
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chloride pond at Bundoora. Shrimps were also used in Pyramid Hill solar pond. The 
results indicated that the brine shrimps have great success in controlling algae and 
bacteria. As a result of natural treatment, the turbidity was significantly reduced in both 
ponds. The results obtained were encouraging. 
Table 5.13  Chemical analysis of  the Pyramid Hill Solar Pond ( April 2002) 
Height from 
base ( m) Pb Cu Zn Cr Ni Ag Sr Br I Au P 
2.20 38 100 210 14 10 13 58 1200 27 12 110 
2.10 34 100 340 17 9.1 12 54 260 27 7.8 130 
2.00 22 58 230 8.1 2.4 15 61 910 120 7.5 120 
1.90 8.8 55 30 5.5 18 13 76 1000 180 4.3 130 
1.80 15 20 47 4.5 16 14 29 1200 330 2.5 130 
1.70 8.6 14 240 2.9 1.8 20 39 250 190 1.1 130 
1.60 13 10 130 11 1.8 23 39 1000 190 5.7 120 
0.60 130 240 130 140 15 20 31 930 160 0.4 120 
0.50 27 87 100 4.3 2.5 21 26 1200 180 0.86 110 
0.45 30 80 100 5.3 2.8 21 26 700 170 0.86 110 
0.40 35 46 110 7.6 3.1 19 17 710 170 0.62 120 
0.35 10 40 50 4.5 4.1 18 17 780 230 1 130 
0.30 10 41 50 4.9 6.7 18 18 1000 230 1 140 
0.25 12 35 55 3.9 1.5 18 18 900 200 1 150 
0.20 10 30 63 3.9 1.5 20 18 910 200 0.96 160 
0.15 14 22 42 4.3 2.3 21 49 340 230 0.97 130 
  All results are in mg / l 
Chemical treatment, through addition of hydrochloric acid for water clarity, was 
employed in the magnesium chloride pond at Bundoora. The results indicated that 
chemical treatment was quite effective in reduction of turbidity and pH in the pond. Both 
methods were quite successful for algae control. Comparative analysis is very important 
for evaluating the best method for use in solar ponds for water clarity improvement, 
stability and efficiency. Comparative analysis for solar ponds can be based on the 
following profile results.. 
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Depth  From 
base( m ) Turbidity ( NTU) B  (mg /l) Fe (mg / l)  Br (mg /l) Sr (mg / l) I  (mg / l ) 
0.15 15.04 0.099 0.06 5.7 0.32 0.55 
0.2 7.28 0.093 0.052 5.3 0.48 0.61 
0.6 5.22 0.039 0.072 0.74 0.32 0.1 
0.8 8.37 0.08 0.05 2.9 0.29 0.39 
0.9 7.12 0.098 0.056 5.6 0.56 0.73 
1.00 2.26 0.09 0.074 4.6 0.51 0.72 
1.50 0 0.083 0.084 4.4 0.6 0.82 
2.00 0 0.013 0.025 0.048 0.081 0.022 
Table 5.14 Concentration of Heavy Metals (September 2001)  
5.4.1   Turbidity Profile Comparisons (Natural treatment) 
Turbidity is one of the important parameters for monitoring transparency of solar ponds. 
Turbidity profile comparisons were done for natural and chemical treatment for both 
ponds. They are explained earlier in Chapter 5 in the results and discussion section. 
Figure 5.54 shows the turbidity profiles before and after the shrimps were introduced into 
the pond. 
 
Figure  5.54 Turbidity Profiles before and after natural treatment  
The results showed that the turbidity was almost zero in the NCZ and LCZ. The natural 
treatment using brine shrimps had improved the transparency in both the NCZ and LCZ. 
It was noticed that there was also reduction in the growth of algae. The turbidity of the 
Pyramid Hill pond was reduced by the use of brine shrimps. It was noticed that the brine 
  129 
shrimps were healthier and more active because of the reduction in turbidity and growth 
of algae.  The use of brine shrimp as a natural treatment for water clarity was successful. 
Another important parameter for water clarity monitoring is dissolved oxygen in relation 
to photosynthetic activity of the algae and microorganisms and water clarity was 
measured before and after the shrimps addition. The dissolved oxygen profiles are shown 
in Figure 5.14 in Chapter 5 Section 5.1.5. It can be seen that the DO concentration was 
zero in the NCZ without the shrimps but increased to approximately 2 milligrams per litre 
after two weeks.  
5.4.2   Turbidity Profile Comparisons (Before and after chemical treatment) 
Diluted hydrochloric acid (HCl) was used in the magnesium chloride solar pond, to 
maintain the pH and turbidity levels for controlling both the growth of algae and insoluble 
inorganic compounds. Figures 5.23 and Figure 5.25 in Chapter 5 show the turbidity and 
pH profiles before and after acid addition. It can be seen that the turbidity of pond 
decreased significantly after acid addition and the pH level had been slightly lowered at 
the bottom of the pond ( refer to Chapter 5 , Figure 5.25 ).  
 
Figure 5.55 Turbidity profiles before and after acid treatment  
Both treatment methods were quite effective for controlling transparency of the pond. The 
results showed that acidification using HCl was the best technique for controlling organic 
substances and pond clarity. When acid was used as an algaecide, the turbidity was 
reduced significantly, which would result in an improvement in the thermal performance 
because water turbidity plays a critical role in the thermal performance of solar ponds. 
High turbidity levels can prevent ponds from storing energy. Therefore the turbidity 
levels within the pond must be regularly monitored and kept as low as possible. 
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Disadvantages of using hydrochloric acid include the corrosion of metal pipes and 
handling. Proper care is required to use the chemical. 
The introduction of shrimps was found to be very effective and economical for 
controlling algae, provided the oxygen wasn’t depleted by advanced heavy algal growth. 
It is clear that brine shrimps are effective, economical and are easily available. The acid 
treatment is expensive and less effective because of slow mixing in the pond.  
Comparatively, the natural treatment method was the preferred method for controlling the 
growth of algae and to maintain transparency in solar ponds. 
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Chapter 6    CONCLUSIONS  
6.1  Conclusion 
This chapter draws conclusion from the analysis of experimental results. The methods for 
improving clarity of salinity gradient solar ponds have been investigated and conclusions 
have been drawn from the detailed study of the most promising methods for maximizing 
clarity of solar pond. This research presents two methods for treating and maintaining 
water clarity; a natural treatment using brine shrimps and a chemical treatment using 
hydrochloric acid were applied respectively to sodium chloride and magnesium chloride 
solar ponds at RMIT. The study has identified the advantages by using brine shrimps and 
some disadvantages by using acid for improving clarity of solar ponds. 
Brine shrimps were tested in three salinity-gradient solar ponds as a biological indicator 
for water clarity.  There was an improvement in the water clarity of the three ponds, 
which were monitored on a weekly basis by turbidity measurements and pH 
measurements. The two most common causes observed for poor water clarity are dirt and 
growth of living organisms. Salt and bittern which were used in the ponds contained some 
dirt, organic matter and heavy metals.  
It was observed that blue-green and filamentous algae such as anabaena, phormidium, 
oedogonium which are found in sodium chloride SGSP are toxic and are not suitable as 
food for brine shrimps because they release toxic material. The use of brine shrimp as a 
natural treatment for water clarity was successful. However, it was also observed that they 
drop off in numbers as the water becomes clearer. 
Brine shrimps were found to be quite effective. However, they could not survive in the 
sodium chloride pond and the magnesium chloride pond for long periods because of the 
presence of poisonous blue green and filamentous algae, oxygen depletion due to the 
heavy algal growth; and the presence of heavy metals such as arsenic, zinc and selenium. 
The heavy metals results indicate that the salt and bittern used in the pond was 
contaminated with high levels of heavy metals such as arsenic, selenium, lead, iron, 
chromium and zinc which had some toxic affects on shrimps. According to the drinking 
water standards (Ref: Alpha USA systems), arsenic, selenium and lead are highly toxic 
and arsenic and lead are classified as carcinogen. The suggested maximum toxicity levels 
of heavy metals (As, Pb, Se) for shrimps survival is 0.05 mg/l. The maximum 
contaminant level of copper and chromium is 1.3 and 0.005 mg/l for shrimp survival. 
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From the experimental observations it was concluded that the concentration of As, Pb and 
Cr should be maintained below 0.03mg/l and that of the Cu should be below 1.3 mg/l for 
healthy shrimps population. 
 
Hydrochloric acid was used in the magnesium chloride solar pond to control algae and 
was found to be very effective and economical. When acid was added to the pond, the 
turbidity was reduced and the pH values were reduced at the lower convective zone. Acid 
has some disadvantages particularly in handling and corrosion of metals and thus extra 
care is required for handling the chemical. It was noticed that algal blooms were found in 
the pond when the pH was between 5.5 and 8. It was also observed from the experimental 
study that pH values should be kept below 4.5 to maintain low turbidity and prevent algae 
growth. The results showed that both methods improve the transparency of solar ponds. 
The effectiveness and benefits of brine shrimps over hydrochloric acid are overwhelming, 
as demonstrated by results and therefore, they are more environmentally acceptable. 
Bittern was used for maintaining the gradient in the magnesium chloride pond. It was 
observed that the maximum temperature reached was 70 OC in December 2003. This was 
an indication that turbidity was reduced by the chemical treatment. It was also observed 
that the density gradient was quite stable because of the use of bittern.  
The investigation concluded that hydrochloric acid could be used initially as a shock 
treatment to kill the algae and then brine shrimps could be introduced to control the 
growth of algae and maintain transparency of solar ponds. This analysis showed that by 
using a combination of chemical and natural treatment methods, the pond clarity and 
therefore thermal efficiency can be improved. The natural treatment method by the use of 
brine shrimps is the recommended method because of its effectiveness, cost and 
environmental benefits.  
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Chapter 7    Recommendations  
7.1  Recommendations 
It is recommended that further research is required in order to achieve brine shrimp 
survival for longer periods of time. There are some specific areas which require further 
investigation which are documented in the following sections. 
7.1.1   Use of bittern  
Bittern and NaCl were used for maintaining the gradient in the Pyramid Hill Solar Pond. 
The use of bittern was not found to be a problem in pond stability and gradient 
maintenance. Due to its higher density, it enables a very stable density gradient to be 
maintained in a solar pond. It has low cost, is easily available and could help to reduce the 
cost of setting up and maintaining the solar pond. As the chemical composition results 
have indicated the bittern used in the magnesium chloride pond was heavily contaminated 
with heavy metals, algae and bacteria which affect the clarity of solar ponds, so it is 
recommended that cleaning of bittern such as filtration is required before it is used in a 
pond. 
 In order to suppress the iron content in the pond, it is recommended that metal should not 
be used in the pond structure or its accessories. Further research is required to establish 
the clarification methods for bittern. Regular chemical analysis of pond water samples is 
required to identify the contamination status of the entire pond.  
7.1.2   Insulation of the solar pond Bottom  
As the Bundoora solar pond is not insulated at the bottom, there is considerable amount of 
heat loss to the ground during hot months. It is recommended that insulation at the bottom 
of the pond is required to minimise the heat loss to the ground. During the cooler months, 
there is some heat absorption by the ground from the bottom. This greatly limits the 
maximum temperature attainable in the pond to approximately 50 O C. In future solar 
ponds, insulation at the bottom will be necessary.  The Pyramid Hill Solar Pond was 
insulated.  
7.1.3   Wave Suppression 
The sodium chloride pond at Bundoora and the Pyramid Hill solar pond both had floating 
rings as a wave suppression system. It was found that the rings had considerable success 
in limiting the generation of waves in the pond. 
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7.1.4   Pond Clarity 
The use of brine shrimps in both ponds was a very efficient and cost effective, natural 
method of maintaining the clarity of solar ponds.  However it has its limitations. Brine 
shrimps need algae and other biological organisms to survive. Besides they cannot adapt 
themselves to higher / lower pH and salinity. This limits the maximum clarity which can 
be attained in the pond and in turn the pond efficiency. In the presence of brine shrimps, 
with continuous heat extraction from a solar pond it may be difficult to obtain higher 
temperatures in the pond. 
The Bundoora pond clarity is affected to some extent by the presence of ducks which 
contribute to increased phosphorus content in the pond. The Pyramid Hill solar pond 
clarity is affected by the presence of grass and other plants close to the pond. These plants 
in the dry form are blown onto the pond surface and reduce the clarity in the pond. Hence 
solar ponds need to be kept clear of both birds and wind borne debris.  
The ponds need to have regular water analysis and testing including salt concentration 
and heavy metals to determine the quality of the incoming water and the water overflow. 
Maintaining clarity in the pond is of utmost importance in the success of solar ponds. 
7.1.5   Microscopic Examinations 
A common problem in salinity-gradient solar ponds is the growth of various types of 
algae and bacterial populations, which affects the brine clarity and hence thermal 
performance. Algae and bacterial populations are enhanced by the presence of organic 
nutrient such as nitrogen and phosphorus. It is recommended that microscopic 
examination is required to identify the exact species of algae. After the identification of 
algae, it is required to remove them physically or mechanically depending on the species. 
Some species are harmful and extra care should be taken.  
7.1.6   Salt chargers 
The salt chargers used in both solar ponds were very effective in maintaining high salinity 
at the pond bottom and thus facilitating pond gradient maintenance. In the Bundoora solar 
pond, it was observed that salt consumption increased during the warmer months 
compared with the colder months. 
7.1.7   Instrumentations 
 It is important to get reliable and accurate data for monitoring solar pond operation and in 
addition to choosing the appropriate measurement methods and instruments, a proper 
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measurement procedure must be followed. Keeping instruments clean and in optimum 
operating condition is important for every kind of measurement. It is especially important 
for the instruments used for pond operation monitoring because the salty brine is 
corrosive and dry salt may deposit on the probes. The pH meter indicates a reading which 
fluctuates somewhat. In order to get a reliable average reading, it is necessary to take 
readings at consistent time intervals. 
 Cleaning of the turbidity meter and pH meter are important for turbidity and pH 
measurements. The dirt and salt previously deposited in the sample bottle of the turbidity 
meter may contaminate the sample being measured. Dirt or dry salt on the tip of pH may 
reduce its sensitivity. The turbidity and pH probe should be cleaned after every usage. 
The sampling tube of turbidity meter can be cleaned by rinsing with fresh water. Cleaning 
may be the most important maintenance action required for salinity measurements 
instruments such as the Density meter DMA 35 N and the dual channel digital 
thermometers EMT 502. These are excellent and rugged instruments. Their measurements 
have been found to be very consistent and readings are easy to take.  
7.1.8   Importance of calibration checks 
It is recommended that calibration checks of instruments are required to obtain reliable 
and accurate data, especially when electronic instruments have been used. The calibration 
of the HI 937903 turbidity meter is based on formazin solution, the primary reference 
standard for turbidity. Besides checking with formazin once a month, it is worthwhile to 
check the NTU readings for tap water. The calibration of the pH probe is checked with 
buffer solutions of standard pH values, usually PH 4, 7 and 10. During the calibration 
process, the pH probe must be rinsed with distilled water and made dry before it is placed 
into buffer solution. It is also important to check the expiry date of buffers before using 
them.  
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APPENDIX A.2 
BUNDOORA SOLAR POND MONITORING 
DATA SHEET ( NaCl Pond) 
  Date 09-May-02  
Name       
Start 10:45am    Finish 1:00pm  
Sampl
e 
From 
Water 
Pond Sample Sample pH Turbidity From 
Pond 
No Surface 
(m) 
Temperature (0C) Density 
(kg/m3) 
Temperatur
e (0C) 
 (NTU) Base 
(m) 
1 0.11 16.6 1001.3 16.8 9.4 0.76 2.26 
2 0.16 16.9 1001 16.7 8.6 0.41 2.21 
3 0.21 16.9 1003.1 16.6 8.2 0.23 2.16 
4 0.26 17 1003.2 16.7 8.4 0.23 2.11 
5 0.31 17 1003 16.6 8.4 0.45 2.06 
6 0.36 17.1 1002.9 16.9 8.3 0.37 2.01 
7 0.41 17.2 1002.9 16.9 8.4 0.14 1.96 
8 0.46 18.3 1003.2 16.9 8.4 0.2 1.91 
9 0.51 20.2 1009.6 18.3 8.8 0.15 1.86 
10 0.56 21.6 1019.5 19.5 9.1 0.15 1.81 
11 0.61 22.7 1030.4 20.3 9.2 0.08 1.76 
12 0.66 24.2 1041.8 21.2 9.3 0.17 1.71 
13 0.71 25.4 1052.8 22.2 9.3 0.34 1.66 
14 0.76 26.5 1064.3 22.8 9.4 0.38 1.61 
15 0.81 27.3 1074.1 23.6 9.5 0.62 1.56 
16 0.86 28.1 1084.7 23.9 9.5 1.4 1.51 
17 0.91 28.4 1094.7 24.5 9.4 0.44 1.46 
18 0.96 29.6 1103.3 25.3 9.3 0.83 1.41 
19 1.01 30.7 1111.5 26.1 9.2 0.86 1.36 
20 1.06 30.7 1120 25.8 9.2 0.84 1.31 
21 1.11 30.8 1127.4 26.6 9.1 0.57 1.26 
22 1.16 32 1134 26.6 9.1 0.42 1.21 
23 1.21 33.7 1139.9 28.1 9 0.63 1.16 
24 1.26 34.5 1146.6 28.6 8.9 0.56 1.11 
25 1.31 35.2 1153.3 28.8 8.8 0.92 1.06 
26 1.36 35.6 1159.2 29.6 8.7 0.65 1.01 
27 1.41 35.8 1166.9 29.6 8.7 0.45 0.96 
28 1.46 36 1175.2 29.1 8.7 0.37 0.91 
29 1.51 35.6 1182.4 29.4 8.6 1.1 0.86 
30 1.56 36.1 1189.9 28.5 8.3 0.85 0.81 
31 1.61 36.4 1196.8 29.3 7.8 4.11 0.76 
32 1.66 36.3 1197.6 29.9 7.7 4.45 0.71 
33 1.71 36.3 1197.4 29.6 7.7 4.29 0.66 
34 1.76 36.3 1197.6 29.7 7.7 4.55 0.61 
35 1.81 36.1 1197.7 29.5 7.8 4.46 0.56 
36 1.86 36.2 1198.5 29.5 7.7 4.7 0.51 
37 1.91 36.1 1197.7 30.2 7.7 4.26 0.46 
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38 1.96 36 1197.3 29.5 7.7 4.38 0.41 
39 2.01 36 1197.3 29.8 7.7 4.52 0.36 
40 2.06 36.1 1197.7 30.1 7.7 4.42 0.31 
41 2.11 36 1197.7 30.1 7.7 4.27 0.26 
42 2.16 36.1 1196.9 30.1 7.7 4.47 0.21 
43 2.21 36 1198.3 29.2 7.7 4.49 0.16 
44 2.26 36.1 1198.4 29.3 7.7 4.45 0.11 
45 2.31 36 1197.7 29.3 7.7 4.48 0.06 
46 2.36 36 1197.4 30.3 7.7 5.06 0.01 
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APPENDIX A.3 
 
 
BITTERN SOLAR POND  MONITORING 
DATA SHEET          (MgCl2 Pond)  Date 
Thursday  
30/10/2003  
Name 
      
Start 10.40 am   Finish 2.30 pm  
Sample 
From 
Pond Pond  Sample Sample pH Turbidity 
No Base (m) 
Temperature 
(0C) 
Density 
(kg/m3) 
Temperature 
(0C)   (NTU) 
1 0.00 47 1295.7 17.3 6.2 1.9 
2 0.05 47.3 1295.7 17.4 6.2 1.98 
3 0.10 47.7 1295.5 17.3 6.2 0.00 
4 0.15 47.5 1294.8 16.8 6.2 1.24 
5 0.20 47.8 1294.5 16.8 6.2 0.68 
6 0.25 48.2 1290.5 17.0 6.2 0.00 
7 0.30 49.2 1288.3 17.1 6.3 0.58 
8 0.35 50.2 1284.7 17.2 6.4 0.48 
9 0.40 50.3 1280.8 17.3 6.4 3.04 
10 0.45 51.5 1275.4 17.0 6.5 5.03 
11 0.50 51.4 1268.2 16.7 6.6 8.43 
12 0.55 51.8 1264.6 16.7 6.7 5.82 
13 0.60 52.8 1257.8 16.7 6.8 3.91 
14 0.65 52.9 1247.7 16.8 6.9 2.51 
15 0.70 53.9 1241.6 16.8 7.0 4.0 
16 0.75 54.5 1233.2 16.7 7.1 5.62 
17 0.80 54.7 1225.4 16.5 7.2 4.31 
18 0.85 56.2 1215.8 16.2 7.3 5.92 
19 0.90 56.2 1208.3 16.1 7.3 5.43 
20 0.95 55.6 1190.0 16.1 7.5 7.57 
21 1.00 55.3 1190.3 16.1 7.5 8.24 
22 1.05 54.3 1180.4 16.0 7.6 11.69 
23 1.10 53.2 1173.6 16.0 7.7 11.23 
24 1.15 54.8 1163.1 15.8 7.8 12.12 
25 1.20 52.8 1152.1 15.6 7.9 8.66 
26 1.25 52.5 1142.4 15.5 8.0 10.21 
27 1.30 50.1 1130.6 15.5 8.1 10.67 
28 1.35 48.4 1118.1 15.4 8.2 15.14 
29 1.40 45.4 1105.1 15.2 8.3 15.74 
30 1.45 41.8 1091.7 15.1 8.4 11.78 
31 1.50 37.7 1073.6 1.00 8.6 11.15 
32 1.55 33.3 1046.2 14.8 8.9 11.79 
33 1.60 24.6 1028.5 14.7 9.1 9.09 
34 1.65 18.1 1008.5 14.5 9.2 7.13 
35 1.70 15.6 1001.8 14.5 9.1 8.62 
36 1.75 15.5 1001.7 14.4 9.1 8.68 
37 1.80 15.4 1001.9 14.1 9.2 8.23 
38 1.85 15.2 1001.2 14.2 9.2 8.98 
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PYRAMID HILL SOLAR POND MONITORING 
DATA SHEET 
 Date 24-Oct-02  
Name 
  
Date 
 
  
Start 10.45 am    Finish    
Sample 
From 
pond Pond Sample Sample pH Turbidity DO 
No base 
Temperature 
(0C) 
Density 
(kg/m3) 
Temperature 
(0C) 
  (NTU) ( ppm) 
1 2.20 15.3 1033.6 22.7 8.45 0.36 8.4 
2 2.15 15.3 1034.0 20.80 8.47 0.12 8.3 
3 2.10 15.8 1034.5 19.0 8.48 0.3 8.3 
4 2.05 15.8 1033.6 21.0 8.46 0.22 8.2 
5 2.00 16.0 1033.5 21.3 8.46 0.05 8.4 
6 1.95 16.2 1034.5 19.1 8.47 0.52 7.6 
7 1.90 16.3 1034.8 18.00 8.51 0.43 7.8 
8 1.85 16.2 1034.5 18.5 8.49 2.56 7.6 
9 1.80 15.9 1034.8 18.5 8.5 0.37 7.8 
10 1.75 16.1 1034.4 18.8 8.49 0.19 7.2 
11 1.70 15.8 1034.1 20.4 8.47 0.2 7.4 
12 1.65 16.0 1034.4 19.9 8.47 0.15 7.2 
13 1.60 16.1 1034.5 19.6 8.49 0.02 7.0 
14 1.55 16.1 1034.4 19.6 8.48 0.32 7.0 
15 1.50 16.0 1034.6 20.0 8.48 0.06 7.4 
16 1.45 16.1 1034.5 19.5 8.48 0.05 6.8 
17 1.40 16.3 1034.4 20.8 8.46 0.01 6.6 
18 1.35 16.6 1034.1 21.6 8.45 0.02 6.8 
19 1.30 16.7 1034.4 22.40 8.44 0 6.2 
20 1.25 20.0 1085.5 25.0 7.84 0 5.2 
21 1.20 25.3 1122.3 28.0 7.47 0.21 4.4 
22 1.15 30.6 1138.1 30.30 7.32 0 3.6 
23 1.10 35.1 1151.5 32.4 7.20 0.17 2.4 
24 1.05 38.5 1159.9 34.5 7.12 0.90 2.4 
25 1.00 42.1 1169.4 36.6 7.05 2.04 2.0 
26 0.95 45.9 1178.8 37.8 6.96 3.86 0.6 
27 0.90 48.5 1186.2 39.1 6.92 5.12 0.4 
28 0.85 49.9 1190.0 40.0 6.87 6.18 0.5 
29 0.80 50.7 1195.3 41.0 6.84 5.73 0.5 
30 0.75 51.5 1200.2 40.9 6.79 4.99 0.6 
31 0.70 51.7 1203.9 40.3 6.74 5.60 0.6 
32 0.65 51.3 1207.6 41.9 6.65 5.68 0.5 
33 0.60 52.1 1210.2 40.9 6.60 5.75 0.5 
34 0.55 52.7 1212.7 42.2 6.48 7.12 0.8 
35 0.50 53.5 1214.2 41.5 6.96 7.11 0.4 
36 0.45 54.3 1216.5 40.8 6.42 8.06 0.4 
37 0.40 54.7 1216.9 40.2 6.42 8.47 0.3 
38 0.35 54.2 1215.8 41.7 6.38 8.56 0.5 
39 0.30 53.9 1216.3 41.5 6.39 8.48 0.3 
40 0.25 53.5 1215.2 43.1 6.40 8.88 0.5 
41 0.20 53.5 1217.3 41.1 6.40 12.39 0.5 
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APPENDIX A.5 Error Analysis 
Error analysis plays a significant role when there are derived or estimated quantities 
which are calculated using measured quantities. In this research all the physical 
measurements were simple and straight forward. The instruments which were used for 
measurements were very accurate and reliable. Regular calibration of all the instruments 
used for this experimental research was done to maintain very high accuracy and 
confidence in the experimental data. Proper measurement procedures were followed when 
using each instrument in the research.  
Following table shows the accuracy of all the instruments that were used in this research.  
Instruments Description / Specification Accuracy 
Anton Paar, Density meter Measuring Range 0 to 1.999 g/cm3 ± 0.001 kg/m3. 
HI 93703  Turbidity meter Measuring Range 0 to 100NTU ±0.1NTU 
K-type thermocouples  ±0.5°C 
Checker  pH meter Measuring Range 0 to 10pH ±0.1pH 
Hanna HI 9143 dissolved 
oxygen meter 
Measuring Range 0 to 40ppm ±1.5% Full Scale 
ICP- MS – Chemical analyzer 
– metal concentration 
measurement 
Measuring Range 0 to 105 
ppm 
±2.5% Full Scale 
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APPENDIX B.1   
 Concentrations of  salt constituents in water( mg / l ) Location :Pyramid Hill  (3 / 07/ 2002) 
Height 
from base 
( m) Na K Ca Al Fe Mg Pb Cu 
2.20 21000 3200 1400 170 420 2400 38 100 
2.10 18000 670 1400 100 430 2400 34 100 
2.00 100.000 860 1000 93 440 16000 22 58 
1.90 110.000 860 78000 150 790 18000 8.8 53.6 
1.80 87000 800 520 95 2200 22000 15 40.3 
1.70 16000 350 700 84 470 2600 8.6 14 
1.60 10000 230 66000 100 630 180.000 13 17 
1.50 11000 240 60000 90 620 2000 14 18 
1.40 12000 380 60500 96 640 2500 16 20.4 
1.30 14000 370 60800 85 670 2900 18 22.3 
1.20 12000 400 70000 86 730 32000 16 29.5 
1.10 13000 500 60000 94 820 20000 19 30.2 
1.05 11000 800 56000 110 890 19000 19.5 35.4 
1.00 10000 750 40000 320 890 18500 49.3 46 
0.95 20000 760 32000 320 910 18000 58.3 150 
0.90 30000 780 2000 350 960 17000 69.3 160 
0.80 40000 800 1600 650 1000 16000 89.3 170 
0.70 50000 850 850 800 1100 12000 100 200 
0.60 60000 890 720 1100 1200 13000 130 240 
0.50 72000 790 600 300 440 18000 27 87 
0.45 35000 760 690 210 480 19000 30 50 
0.40 39000 660 740 110 460 10000 35 46 
0.35 42000 655 720 90 560 13000 25 40 
0.30 62000 660 510 83 690 16000 10 35 
0.25 60000 660 570 90 850 12000 12 42 
0.20 49000 670 670 96 890 13000 10 30 
0.15 17000 530 930 94 550 2800 14 22 
0.00 17000 530 920 94 560 2800 14 22 
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APPENDIX B.2 
Table Salt Concentration (ppm or mg / l )   Location : Pyramid Hill site ( 26/09/ 2003) 
Chemical Analysis         
Pyramid Hill  solar 
pond          
Sample 
From 
Pond Nacl MgCl2 CaCl2 KCl 
Total 
salt NaCl % MgCl2 % CaCl2 % KCl % 
No 
base( 
m) ( g/l ) ( g/ l ) ( g/ l ) ( g/ l ) 
    (g/l)     
1 2.20 236.54 55.410 9.551 1.219 302.72 78.13821 18.30404 3.155061 0.402682 
2 2.10 279.78 67.3 11.461 1.47 360.011 77.71429 18.69387 3.183514 0.408321 
3 2.00 30.52 6.73 1.623 1.222 40.095 76.11922 16.78514 4.047886 3.047762 
4 1.90 50.86 1.033 1.910 1.069 54.872 92.68844 1.882563 3.480828 1.94817 
5 1.80 35.60 7.52 1.757 1.241 46.118 77.19329 16.306 3.809792 2.690923 
6 1.70 305.21 71.25 11.461 1.146 389.067 78.44664 18.31304 2.945765 0.294551 
7 
1.60 
66.13 13.062 2.483 0.974 82.649 80.01307 15.80418 3.004271 1.178478 
8 1.50 330.65 75.208 11.461 3.247 420.566 78.62024 17.88257 2.725137 0.772055 
9 1.40 330.65 75.208 10.315 1.47 417.643 79.17049 18.00772 2.469813 0.351975 
10 1.30 157.7 39.58 1.833 1.031 200.144 78.79327 19.77576 0.915841 0.515129 
           
 
